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Abstract
By use of the Menshutkin reaction a variety of polyviologens has been synthesised 
containing bromide, tosylate or mesylate counter-ions and varying methylene units. 
Owing to the ionic character of these main-chain polymers, these polyviologens are also 
known as ionene polymers. Additionally, this ionic character conveys a wide range of 
properties including the ability to undergo redox reactions and display liquid crystalline 
behaviour.
The redox behaviour of these polymers can be followed easily by a colour change in the 
polyviologen. It was this reasoning, and the susceptibility of polyviologens to 
atmospheric water, that first led to the introduction of these polymers into a silica sol-gel 
network to produce ‘durable’ sol-gel redox sensors. The sol-gel process was found to be 
a convenient and versatile route to produce inorganic networks using the acid-catalysed 
hydrolysis and condensation of silicon alkoxide precursors. Synthetic methods were 
developed to optimise the incorporation of various polyviologens into a silica network.
A variety of analytical techniques was employed to characterise the polyviologens and the 
corresponding sol-gel hybrids. Results from SAXS, IR and surface analysis provide 
strong evidence that the polyviologens have an effect on the structure of the inorganic 
component. Rare surface fractal behaviour was observed and the pore geometry was 
found to go from smooth and cylindrical to ink-bottle in shape for some of the hybrid 
systems. An hypothesis is forwarded suggesting that the presence and concentration of
polyviologen, electrostatic interactions between N+ and silanol groups, and hydrophobic 
hydration may all play an important role in determining the structure of the silica 
network.
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XRD X-ray diffraction
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The aim of this chapter is to provide an introduction to the chemistry and the ideology 
associated with the synthesis of silica-polyviologen sol-gel hybrids. The group of compounds 
known as the viologens is discussed first, followed by a discussion of the chemistry and 
physics of the sol-gel process. The subsequent sub-sections detail the synthesis and 
characterisation of sol-gel organic-inorganic hybrid materials, in particular, with reference to 
the construction of sol-gel sensors. The final sub-sections, on pore sizes and structure 
direction and templating, provide an introduction to the effect of the incorporation of organic 
compounds into inorganic silica matrices, and how these effects can be used to obtain 
optimum materials.
1.1. The “Viologens”
Michaelis1 first reported on the electrochemical behaviour of 1,1 '-disubstituted-4,4'- 
dipyridinium salts (‘viologens’) in 1933. The basic structure of these compounds is as 
follows:
■0 - 0
2X-
The viologens are a special class of //-substituted salts of aza-aromatics, which were 
originally investigated as redox indicators in biological studies1. Because these compounds 
possess low (cathodic) redox potentials (showing a significant degree of reversibility), they 
later found use as parent compounds for herbicides1. The actual herbicidal activity was found
1:1
to be linked to the redox potential2. Examples of such herbicides are methyl viologen (1,1'- 
dimethyl-4,4'-dipyridinium dibromide) commonly known as Paraquat®, and its analogues.
Since Michaelis1, various types of viologens have been prepared and their chemical and 
physical properties have been investigated extensively2’3. As mentioned above, viologens are 
redox systems which have stable oxidised and reduced forms, which are converted readily 
from one form to the other4. This Weitz-type4 two-step behaviour displayed by the viologens 
can easily be demonstrated by the repeated formation of the violet-blue cation radical with 
reducing agents such as zinc dust and sodium dithionite (Na2S2C>4), and subsequent 
reoxidation by oxygen to the starting colourless salt as shown in the scheme below:
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Scheme 1.1.1: Reduction and oxidation of viologen compounds
A violet-blue cation radical is formed by the first-step (one-electron) reduction, whereas in the 
second-step (two-electron) reduction, a neutral red quinoid is formed4. The first-step 
reduction is highly reversible as compared to the second-step which is less so due to the 
quinoid being frequently an insoluble species as well as being an uncharged one2.
1:2
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Once reduced, the viologen cation radical reacts rapidly with oxygen, with the reaction
proposed as a means of determining dissolved oxygen in water at low concentrations2. The
reaction is not a simple one and it appears that in a fast, first step oxygen is reduced to
hydrogen peroxide or its anion, followed by a slower second step in which the hydroxide ion
is formed with the 0 -0  bond being broken. By monitoring the rate of disappearance of the
monocation radical only, the fast first step has been observed when an excess of oxygen has
been used. Farrington2 used pulse radiolysis to determine the second order rate constants for 
the reaction of PQ+® with O2  and PQ+* with O2 "*, respectively. (PQ = Paraquat® or
methylviologen).
The viologens are generally very stable chemically, however, in more alkaline solutions they 
can dealkylate according to scheme 1.1.2s.
Scheme 1.1.2: Reaction of the viologens in alkaline solutions
+ f/ / V  OH- H  \  /  V  ^tt
H3C”  \ = / v ^ N_CH3 — *" \ = / \ - J  + CH3° H
The methanol produced by this reaction can also act as a reducing agent, hence solutions of 
methyl viologen in alkali are degraded and can spontaneously be reduced, thus turning blue as 
the cation radical is formed.
Owing to their redox behaviour, viologens have drawn considerable attention as redox 
catalysts (electron transfer catalysts, ETC)3 and electron relays in photocatalysed water 
cleavage for solar energy harvesting3; they are also used in organic synthesis6 as well as the
1:3
aforementioned herbicides. Additionally, the viologens have received interest for their 
photochromic properties7’8 (change of colour with light), and have been introduced into 
porphyrin rings in order to mimic the rapid electron-transfer processes occurring in 
photosynthesis, with the view of converting light to electrical or chemical energy3.
Scheme 1.1.3 shows the mediation of electron transfer from a reductant to a substrate through 
their reversible redox reaction. In some cases9, the counter-ion may sensitise photo-reduction 
of V2+.
Scheme 1.1.3: Electron transfer cycle of vioiogen compounds9
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The viologens have also been used as ETC to induce the reduction of organic compounds 
under mild conditions. It was found that aromatic aldehydes and ketones, a-ketones, 
azobenzene, acrylonitrile and vicinal dibromides could be reduced easily in the presence of 
viologens such as propyl vioiogen and vioiogen polymers as ETC10.
It should be noted that the choice of the 1,1' substituents and the associated anion can have an 
effect on the redox properties of the vioiogen2.
1 :4
The attractive redox behaviour and optical properties of these compounds has also led to the 
synthesis of various polymers containing the viologen structure2’4’10’11"42. The resulting 
materials retain, to a large extent, the chemical and electrochemical properties of the 
monomeric species.
Viologen-containing polymers have been applied: to the preparation of modified electrodes2; 
as photochromic11’13 and electrochromic devices2’18; in electron transfer catalysis (ETC)10’14;
• * • ic ,in electron transfer communication with an immobilised enzyme ; in the study of the 
reversible permeability of capsules, in which a viologen is grafted onto the capsule 
membrane16; as an electron transfer mediator in amperometric glucose sensors17. The latter 
application involved a viologen derivative containing polysiloxane, however this was not 
introduced into a sol-gel hybrid network. Additionally, the thermochromic properties (change 
in colour with temperature) of polymeric viologens have been studied19.
Polymeric viologens can be divided into two groups: (1) polymers where the viologen is 
incorporated into the polymer chain as an interconnecting member, and (2) polymers bearing 
pendant viologen moieties.
Polymers belonging to the first group can be synthesised using the Menshutkin reaction, 
which involves the quaternisation of an amine with an alkyl halide (Scheme 1.1.4). Therefore, 
poly viologens (PVs) can be prepared by the reaction of 4,4/-dipyridyl with dihaloalkanes or 
dihaloarylalkanes19"24. The resulting polymers contain cationic quaternary nitrogens in the 
polymer backbone and are therefore known as ionene polymers. Main-chain polyviologens of 
this type can also be synthesised by the reaction of 4,4'-dipyridyl with alkane ditosylates6'8' 25.
C h a p te r  I :  In tro d u c tio n
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Schem e 1.1.4: T he M enshu tk in  R eaction
{/HD+ X —R —X
Simon and Moore13 synthesised several polyamides containing the vioiogen structure in the 
main chain by the condensation of Z?ztf(aminoalkyl)-4,4'-dipyridinium salt and difunctional 
acid chlorides. For example, the copolymer below was synthesised at room temperature by 
the interfacial condensation (Schotten-Baumann reaction) of 1,1 '-M.s-Y-aminopropyl-4,4'- 
dipyridinium bromide with isophthaloyl chloride:
H-
H
NCH2CH2CH— N
Ho
Br(Cl-)
Y J
n - c h 2c h 2c h 2n
B r
Dimerisation of pyridinium salts by excess cyanide ions was found to result in the formation 
of the quinoid, 1,1'-dihydro-4,4/-dipyridyl26. The quinoid was then oxidised with iodine to 
afford the corresponding vioiogen. Ageishi et al. used this method in order to produce 
polymeric viologens. This method is useful since the viologens can be synthesised cheaply 
(relative to using 4,4'-dipyridyl).
1:6
There have also been a number of reports of the synthesis and characterisation of 
polyviologens in which the viologen moiety is pendantly attached to a polymer backbone6’10" 
12,14,17,27-35  ^ Exampjes incxucie polymer backbones as diverse as nylon14,30, vinyls6*11*12*15*27' 
29,32,33  ^ poiyethers10,34,35, polysiloxanes17, poly(vinyl alcohol)9, ethyl cellulose9’36 and 
poly(tetrahydrofuran) .
As with other polycations, polyviologens readily form polysalts or polyelectrolyte complexes 
with polyanions e.g. solutions of polyxylylviologens form a precipitate with solutions of
1 * 1  I Q
sodium poly(styrene-sulfonate) ’ . The polyelectrolyte complexes are insoluble in common 
solvents but still retain their redox activity in solid form, as evidenced by immediate reduction 
with Na2S2C>4. Among the advantages of polymeric viologens can be listed the homogeneity 
and the migration stability of the films made from them, and the possible prevention of 
aggregations of viologen cation radicals when properly designed.
Another interesting property of main-chain polyviologens is the fact that they can display both 
lyotropic and thermotropic liquid crystalline (LC) behaviour. The majority of research in this
2*? TS d'larea has been performed by Bhowmik and Han ’ ' , especially with main-chain 
polyviologens in which the counter-ion is tosylate. A series of polyviologens with varying 
numbers of methylene units (from n = 2 to 12) was studied, and it was found that these 
polymers were amphotropic in nature, i.e. they could display both lyotropic and thermotropic 
LC behaviour. For polyviologens containing bromide counter-ions there has been very little 
research on their LC behaviour. Yu et al.43 found that for such polyviologens, birefringent 
gels were only formed at high concentration (> 85 %) of polymers in water. This LC 
behaviour and the possible effect upon the sol-gel reaction will be discussed in subsequent 
chapters.
C h a p te r  1: In tro d u c tio n
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Finally, a conducting polymer containing viologen moieties has been synthesised44, and a 
hydrophilic poly-ylid with viologen moieties has been synthesised and its membrane-forming 
characteristics studied45.
1.2. The Sol-Gel Process
1.2.1. Backgi'ound
The sol-gel process has actually been known since the mid-1800s with Ebelmen46a and 
Graham’s466 studies on silica gels. From the late 1800s through the 1920s interest in the sol- 
gel process was concerned with the phenomenon of Liesegang rings formed from gels46c. For 
example, Ostwald46d and Lord Rayleigh466 investigated the problem of the periodic 
precipitation phenomena that lead to the formation of Liesegang rings and the growth of 
crystals from gels. However, during this period there was little understanding of the physical 
and chemical aspects of the process.
In the 1950s and 1960s the potential for achieving high levels of chemical homogeneity was 
recognised by Roy et al.46i. Using the sol-gel method they synthesised a large number of 
novel ceramics that could not be produced by traditional ceramic powder methods. At around 
this time Her’s47 work led to colloidal silica powders being developed commercially, with Du 
Pont’s colloidal Ludox spheres. An extension of Her’s studies led Stober et al.46g to the so- 
called Stober spherical silica powder, which had controlled morphology and size. To date 
there is an enormous range of colloidal powders with controlled size and morphologies.
Sub-micrometer46h (e.g. TiC© and doped461 (e.g. TiC>2, Z1 O2 and Si02) powders have also 
been synthesised by the controlled hydrolysis of alkoxides. Spherical powders of mixed
Chapter 1: Introduction
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cation oxides such as yttrium aluminium garnets (YAG)46j and glass and polycrystalline 
ceramic fibres461* have been prepared by the sol-gel method.
A variety of coatings and films has been developed by using sol-gel methods. Examples 
include anti-reflection coatings of indium tin oxide (1TO) and related compositions applied to 
glass window panes to improve insulation characteristics461. There is a number of excellent 
reviews on sol-gel coatings48'50.
The use of the sol-gel process is primarily motivated by the need for high purity and 
homogeneity and also the lower processing temperatures associated with the process, as 
compared to traditional glass melting or ceramic powder methods.
During the past fifteen years there has been enormous growth in interest in the sol-gel process 
to produce homogeneous glasses, ceramics, and composites. The production of new materials 
with unique properties came about because of the limitations associated with powder 
processing of materials in terms of homogeneity. Ceramics have been made with basically the 
same technology for a thousand years and the technology for making glass has also remained 
essentially the same since pre-history.
The goal of sol-gel processing (and ultrastructure processing) in general is to control the 
surfaces and interfaces of materials during the earliest stages of production46111. The localised 
variations in the physical chemistry of the surfaces and interfaces within the material usually 
limit the long-term reliability of that material. Therefore, in ultrastructure processing the 
emphasis is placed on limiting and controlling physical and chemical variability by producing 
unique homogeneous structures or extremely fine scale (10-100nm) second phases.
Chapter 1: Introduction
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Increased scientific understanding of the sol-gel process has also come about by the advances 
made in analytical and calculational techniques. These advances (e.g. Nuclear Magnetic 
Resonance, NMR Spectroscopy; Small Angle X-ray Scattering, SAXS; X-ray Photoelectron 
Spectroscopy, XPS; Differential Scanning Calorimetry, DSC; Dielectric Relaxation 
Spectroscopy, DRS etc.) have enabled studies to be carried out on a nanometer scale so that 
hydrolysis, polycondensation, ageing, dehydration, and densification of the materials can 
easily be investigated.
Differences between modem sol-gel materials and those in the classical work of Ebelmen46a 
are attributed to the drying of the monolithic gels. For example, for monolithic silica optics, 
drying can be achieved in days as opposed to years for Ebelmen’s46a monolithic gels, due to 
an increased knowledge of the sol-gel process. As will be discussed later, the primary 
problem in producing monoliths was cracking during drying due to the large shrinkage that 
occurs when the pore liquids are removed from the gels. However, by understanding the 
physical and chemical parameters of the sol-gel process, fractures can be prevented during 
drying by controlling the chemistry of each sol-gel step carefully. Additionally, densification 
of a dried monolith requires control of the pore network before and during pore closure. The 
aim of the following sub-sections is to describe the chemistry of the sol-gel process, especially 
on silica (Si02) since most sol-gel research has focused on this material.
1.2.2. General Trends
There are three methods to produce sol-gel monoliths: (1) gelation of a solution of colloidal 
powders; (2) hydrolysis and polycondensation of alkoxide or nitrate precursors followed by 
hypercritical drying of the gels (aerogels)', (3) hydrolysis and polycondensation of alkoxide 
precursors followed by ageing and drying under ambient temperatures (xerogels).
Chapter 1: Introduction
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Sol-gel processing involves the production of a suspension of a solid in a liquid (a colloidal 
sol), followed by gelation and the removal of the liquid, and finally densification of the solid. 
The sol-gel process is outlined in the figure below.
Chapter I: Introduction
Figure 1.2.2.1: Typical Sol-Gel Process50
Colloids are solid particles with diameters of 1 - 100 nm46n. A gel is an interconnected, rigid 
network with pores of sub-micrometre dimensions and polymeric chains whose average length 
is greater than a micrometre. Flory51 classified ‘gels’ into four categories: (1) well-ordered 
lamellar structures; (2) covalent polymeric networks; (3) polymer networks formed through 
physical aggregation, essentially disordered; (4) specific disordered structures.
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A silica gel may be formed by network growth from an array of discrete colloidal particles 
(method 1) or by formation of an interconnected three-dimensional network by the 
simultaneous hydrolysis and polycondensation of an organometallic precursor (methods 2 and 
3). The difference in methods 2 and 3 determines whether the final material is an aerogel 
(where the pore liquid is removed by hypercritical drying, method 2) or a xerogel (pore liquid 
is removed by evaporation, method 3). We were interested in method 3 although for more 
information on methods 1 and 2 the following references are suggested46,52.
The physical characteristics of the gel network depend greatly upon the size of particles and 
extent of cross-linking prior to gelation46. At gelation, the viscosity increases sharply, and a 
solid object results in the shape of the mould. Fibres can be spun as gelation occurs by careful 
control of the time-dependent change of viscosity of the sol.
Once gelation has occurred, the next stage of the sol-gel process is known as ageing. When a 
gel is maintained in its pore liquid for a period of time (hours to days), the structure and 
properties of the gel continue to change long after the gelation point. An aged gel must 
develop sufficient strength to resist cracking during drying. Four processes are involved 
which can occur singly or simultaneously46: polycondensation, syneresis, coarsening, and 
phase transformation.
Polycondensation reactions (Eqs. 2 and 3, Section 1.2.3) continue to occur within the gel 
network as long as neighbouring silanols are close enough to react. The connectivity and 
fractal dimension (see Chapter 5) are both therefore increased. Syneresis is the spontaneous 
shrinkage of the gel and the resulting expulsion of liquid from the pores. Coarsening is the 
irreversible decrease in surface area through dissolution and reprecipitation processes.
Chapter 1: Introduction
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Once the gel has been aged the next step is to dry the gel i.e. the removal of liquid from the 
interconnected pore network. During drying large capillary stresses can develop when the 
pores are small (< 20 nm). These stresses cause the gel to crack catastrophically unless the 
drying process is controlled by decreasing the liquid surface energy by: (1) addition of 
surfactants or elimination of very small pores; (2) hypercritical evaporation, which avoids the 
solid-liquid interface; or (3) obtaining monodisperse pore sizes by controlling the rates of 
hydrolysis and condensation.
There are also two additional stages to the sol-gel process: dehydration, or chemical 
stabilisation, and densification. Dehydration involves the removal of surface silanol (Si-OH) 
bonds from the pore network, resulting in a chemically stable ultraporous solid. Densification 
occurs when the porous gel is heated at high temperatures, resulting in the elimination of the 
pores and the density ultimately becomes equivalent to fused quartz or fused silica. Typically 
temperatures greater than 1000°C are used in order to densify a gel.
1.2.3. Sol-Gel Chemistry
There are many reports that the structures and properties of gels depend on the initial stages of 
the polymerisation in the sol-gel transformation. It has been known that two reactions occur 
during the sol-gel transition: hydrolysis and condensation52. The transition from an 
alkoxysilane solution to a solid material is not a simple one and many different intermediates 
are possible.
Silicate gels are most often synthesised by hydrolysing monomeric, tetrafunctional alkoxide 
precursors, using an acid (e.g., HC1) or a base (e.g., NH3) as a catalyst. The sol-gel process 
can be described at the functional group level by three reactions:
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hydrolysis
=Si-OR + H20  -  — E=Si-OH + ROH (1)
reesterification 
alcohol producing condensation
=Si-OR + HO-Si= ^ ----- ~  =Si-0-Si= + ROH (2)
alcoholysis 
water producing condensation
=Si-OH + HO-Si= -  =Si-0-Si= + H20  (3)
hydrolysis
where R is an alkyl group, CxH2x + i- In the hydrolysis reaction (Eq. 1) the alkoxide groups 
(OR) are replaced by hydroxyl groups (OH). Siloxane bonds (Si-O-Si) are produced by the 
ensuing condensation reactions involving the silanol groups. Alcohol (ROH) (Eq. 2) and 
water (Eq. 3) are also produced as by-products of condensation. It should be noted that 
condensation (Eqs. 2 and 3) commences under most conditions before hydrolysis (Eq. 1) is 
complete. Owing to water and alkoxysilanes being immiscible (see Figure 1.2.3.1), a mutual 
solvent e.g. alcohol, is used as a homogenising agent (although it is possible to produce gels 
from silicon alkoxide - water mixtures without added solvent. This is because of the 
formation of alcohol in the hydrolysis reaction, which is sufficient to homogenise the initially 
phase-separated system).
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Figure 1.2.3.1: TEOS, H20 , Synasol (95% Ethanol, 5% H20 )  ternary-phase diagram at 
25°C. (For pure ethanol the miscibility line is shifted slightly to the right)52
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Depending on the desired end product, the H20:Si molar ratio, r in Eq. 1, has been varied 
from less than one to over fifty, and the concentrations of acids and bases have been varied 
from less than 0.0152a to 7M52b. An r value of 2 is theoretically sufficient for complete 
hydrolysis and condensation to yield anhydrous silica, because water is produced as a by­
product of the condensation reaction. Therefore:
nSi(OR)4 + 2nH20  —> nSi02 + 4nROH (4)
However, the reaction does not go to completion even in excess water (r » 2 ) ,  instead a range 
of intermediate species ([SiOx(OH)y(OR)z]n; where 2x + y + z = 4) are formed. Numerous 
investigations have shown that by varying the synthesis conditions (e.g. the value of r, catalyst 
type and concentration, solvent, temperature, and pressure) modifications in the structure and 
properties of the polysilicate products can be made46,52.
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The following sub-sections will outline the hydrolysis and polycondensation reactions in more 
detail, with emphasis placed on the acid-catalysed reactions of silicon alkoxides relevant to 
the systems described later in this thesis.
1.2.3.1. Hydrolysis
The hydrolysis reaction occurs by the nucleophilic attack of the oxygen present in water on the 
silicon atom. As already mentioned, there are a number of factors which can affect the 
hydrolysis reaction.
Effect o f catalysts. Hydrolysis is most rapid and complete when catalysts are employed510. 
Mineral acids or ammonia are most commonly used, although acetic acid, potassium 
hydroxide, amines, potassium fluoride, hydrogen fluoride have also been used52’53. Many 
authors report that mineral acids are more effective catalysts than equivalent concentrations of 
base. Aelion et al.53 investigated the hydrolysis of TMOS under acidic and basic conditions 
and observed that the rate and extent of the hydrolysis reaction were most influenced by the 
strength and concentration of the acid or base catalyst. Temperature and solvent were found 
to be of secondary importance.
Steric Effects. Steric effects exert the greatest influence on the hydrolytic stability of
alkoxysilanes52c. The size of the alkoxy group can retard the hydrolysis of the alkoxy groups, 
but the hydrolysis rate is lowered the most by branched alkoxy groups. The substitution of 
OH for OR in hydrolysis, or substitution of OSi for OR or OH in condensation decreases the 
electron density on the silicon (Figure 1.2.3.2)
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Figure 1.2.3.2: Inductive effects of substituents attached to silicon, R, OR, OH, or OSi52
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Inductive effects. Inductive effects are evident from investigations of the hydrolysis of
methylethoxysilanes, (CH3)x(C2H50)4.xSi, where x varies from 0 to 352d. Under acidic 
conditions, the hydrolysis rate increases with the degree of substitution, x, of electron- 
providing alkyl groups, whereas under basic conditions the reverse is observed. This suggests 
that the hydrolysis mechanism is sensitive to inductive effects and is apparently unaffected by 
the extent of alkyl substitution. Obviously an increase in the transition state stability will lead 
to an increase in the reaction rate and so inductive effects are seen as evidence for positively 
and negatively charged transition states or intermediates under acidic and basic conditions 
respectively. Following from this is the hypothesis that under acidic conditions, the 
hydrolysis rate decreases with each subsequent hydrolysis step (electron-withdrawing), 
whereas under basic conditions each subsequent hydrolysis step occurs more quickly as 
hydrolysis and condensation proceed.
H20:Si molar ratio, r. As mentioned above, the hydrolysis reaction has been performed with 
varying values of r, depending on the desired polysilicate product. From Eq. 1, it is expected 
that an increase in the value of r will promote the hydrolysis reaction. Pouxviel et a l54 
employed 29Si NMR to investigate the acid-catalysed hydrolysis of TEOS for three systems, in
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which r = 0.3, 4, or 10. It was found that with an increase in r an increase in the hydrolysis 
rate was also observed. These findings apparently contradict earlier studies that show a 
retarding effect of increased r on the hydrolysis rate under acidic conditions526.
It has also been found that a higher value of r causes more complete hydrolysis of the 
monomers before significant condensation occurs54. According to Eqs. 2 and 3, the extent of 
monomer hydrolysis should affect the relative rates of alcohol- or water-producing 
condensation reactions. Generally, when r is very much smaller than 2 the alcohol-producing 
condensation reaction is favoured. Conversely, when r is greater than or equal to 2, the water- 
producing condensation reaction is favoured55.
Generally, large values of r promote hydrolysis, however, if r is increased whilst the 
solvent:silicate ratio is kept constant, the silicate concentration is reduced. Therefore, the 
hydrolysis and condensation rates are in turn reduced521
Solvent effects. Solvents are added to the system in order to prevent liquid-liquid phase
separation during the initial stages of the hydrolysis reaction (Fig. 1.2.2.1) and to control the 
concentrations of silicate and water that influence the gelation kinetics.
Solvents may be classified as polar or non-polar and as protic (containing a removable or 
“labile” proton) or aprotic. With respect to solvating power, three important characteristics of 
solvents are: • polarity,
• dipole moment, and
• the availability of labile protons.
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The polarity largely determines the solvating ability for polar or non-polar species. More 
polar solvents, e.g. ethanol, are normally used to solvate polar, tetrafunctional silicate species 
used in sol-gel processing. Less polar solvents, e.g. dioxane or tetrahydrofuran (THF), may be 
used in alkyl-substituted or incompletely hydrolysed systems.
The dipole moment of a solvent determines the length over which the charge on one species 
can be “felt” by surrounding species. The lower the dipole moment, the shorter the length 
becomes. This is important in electrostatically stabilised systems and when considering the 
distance over which a charged catalytic species, e.g. OH' nucleophile or H30 + electrophile, is 
attracted or repelled from potential reaction sites, depending on their charge.
Ethanol has labile protons and so is termed a protic solvent. The availability of labile protons 
can determine whether anions or cations are solvated more strongly through hydrogen 
bonding. Under acidic conditions, solvent molecules that hydrogen bond to hydronium ions 
reduce the catalytic activity. Therefore, protic solvents such as ethanol cause hydronium ions 
to be more electrophilic. Hydrogen bonding may also influence the hydrolysis mechanism, 
e.g. hydrogen bonding with the solvent can sufficiently activate weak leaving groups to realise 
a bimolecular, nucleophilic (SN2-Si) reaction mechanism520. The availability of labile protons 
may also influence the extent of the reverse reactions, re-esterification (reverse of Eq. 1) or 
siloxane bond alcoholysis or hydrolysis (reverse of Eqs. 2 and 3).
Acid-catalysed, hydrolysis: reaction mechanism
Under acidic conditions, it is likely that an alkoxide group is protonated in a rapid first step. 
Electron density is withdrawn from the silicon, thus making it more electrophilic and therefore
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more susceptible to attack by water. The generally accepted mechanism outlined below in 
scheme 1.2.3.1 involves a transition state where significant SN2-type character is favoured528.
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Scheme 1.2.3.1: SN2-Si Hydrolysis
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The water molecule attacks from the rear acquiring a partial positive charge in the process. 
The positive charge of the protonated alkoxide is reduced, therefore making the alcohol a 
better leaving group. The transition state decays by displacement of alcohol with inversion of 
the silicon tetrahedron. Consistent with this mechanism, the hydrolysis rate is increased by 
substituents that reduce steric crowding around the silicon. Electron-providing substituents 
(e.g. alkyl groups) that help to stabilise the developing positive charges should also increase 
the hydrolysis rate, but to a lesser extent, because the silicon acquires little charge in the 
transition state. Chambers et al.56 calculated relatively large negative entropy of activation 
values which are suggestive of a highly ordered transition state and therefore in accordance 
with this reaction mechanism.
Several investigators521’521 have proposed the hypothesis that the mechanism involves flank- 
side attack without inversion of the silicon tetrahedron. A possible mechanism is the 
following:
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(RO)3SiOH + 
HOR + H+
(6)
This mechanism is subject to both steric and inductive effects. Compared to the S n2- 
mechanism described previously, electron-providing substituents should have a greater effect, 
since the silicon acquires more charge in the transition state.
1.2.3.2. Trcinsesterification, re-esterification and hydrolysis
Re-esterification (reverse of Eq. 1) involves the displacement of a hydroxyl group by an 
alcohol molecule to produce an alkoxide ligand plus water as a by-product. This process is 
presumed to occur via mechanisms similar to those of the forward reactions i.e. by 
bimolecular nucleophilic substitution reactions. The extent of re-esterification of 
polysiloxanes has been found to proceed much further under acidic conditions than under 
basic conditions523. It is therefore likely that the first step of the acid-catalysed re- 
esterification reaction involves the protonation of a silanol group.
Transesterification occurs when an alcohol displaces an alkoxide group to produce an alcohol 
molecule:
R’OH + Si(OR)4 -  ~  Si(OR)3OR’ + ROH (7)
Transesterification occurs in sol-gel processing when alkoxides are hydrolysed in the presence 
of alcohols containing different alkyl groups e.g. substantial ester exchange has been observed
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during the acid catalysed hydrolysis of TEOS in 72-propanol54. It is also important in 
multicomponent systems that use several alkoxides with differing alkoxide substituents. After 
hydrolysis has occurred, subsequent hydrolysis kinetics will depend on the steric and 
inductive characteristics of the exchanged alkoxide. It has been suggested that the reaction 
proceeds via a mechanism similar to re-esterification, except that the alcohol molecule rather 
than a water molecule is displaced55,57.
1.2.3.3. Condensation
As previously mentioned, an alcohol-producing or a water-producing condensation reaction 
results in polymerisation to form siloxane bonds. Engelhardt et al.58 used 29Si N M R  to 
investigate the condensation of aqueous silicates at high pH. Their results showed that a 
typical sequence of condensation products is monomer, dimer, linear trimer, cyclic trimer, 
cyclic tetramer and high-order rings. Depolymerisation (ring-opening) and the availability of 
monomers are both required for this sequence of condensation.
Effect of catalysts. The understanding of catalytic effects is complicated due to the 
increasing acidity of silanol groups with the extent of hydrolysis and polycondensation and 
also by the effects of reverse reactions that become increasingly important with greater 
concentration of water (and/or base). Assink52j observed that the condensation rate was 
proportional to [H30 +] in the acid-catalysed condensation of TM O S  over a narrow pH range. 
This observation is consistent with the theory of specific acid catalysis.
Since silanols become more acidic with the extent of condensation, protonated or 
deprotonated silanols are involved in the acid- and base-catalysed condensation mechanisms 
at pH < 2 and pH > 2, respectively.
Chapter 1: Introduction
1:22
Steric and Inductive effects. These effects are not well documented for tetraalkoxides since 
condensation can proceed via two different reactions (Eqs. 2 and 3) and so different solution 
species (monomers, oligomers, etc.) which have undergone different extents of hydrolysis are 
involved. However, it is expected for tetrafunctional alkoxides that substituents that increase 
steric crowding in the transition state will retard condensation. It is also suggested that as the 
number of silanols on the silicon atom increases (increasing silanol activity), so the 
condensation rate increases526. This may be due to steric, inductive, or statistical effects. The 
extent of both hydrolysis and condensation (and in organoalkoxysilanes [RxSi(OR)4.x], the 
value of x) determines the reaction mechanism and defines what is meant by acid- or base- 
catalysed condensation. Generally, base-catalysed condensation occurs when the pH > 2 and 
acid-catalysed at pH < 2.
Effects o f solvent. Depending on the pH, either protonated or deprotonated silanols are 
involved in the condensation mechanism. Protic solvents hydrogen bond to nucleophilic 
deprotonated silanols and aprotic solvents hydrogen bond to electrophilic protonated silanols. 
Therefore, protic solvents will retard base-catalysed condensation and promote acid-catalysed 
condensation. Aprotic solvents have the opposite effect. Unfortunately, limited data are 
available to determine completely the effect of solvent type on the condensation rate.
Base-catalysed, condensation: reaction mechanism
The most accepted mechanism involves the attack of a nucleophilic deprotonated silanol on a 
neutral silicate species47:
SiCT + Si(OH)4 - —  Si-O-Si + 4HO* (8)
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This reaction is present at pH 1.5 - 4.5 (depending on the extent of condensation), where 
surface silanols may be deprotonated depending on their acidity. The acidity of a silanol 
depends on the other substituents on the silicon atom. If O R  and O H  (both basic) are replaced 
with OSi, the electron density on Si is reduced and this increases the acidity of the protons on 
the remaining silanols. Thus, the mechanism outlined above favours reactions between larger, 
more highly condensed species (which contain acidic silanols) and smaller, less branched 
species. The condensation rate is at a maximum near neutral pH where significant 
concentrations of both protonated and deprotonated silanols exist.
It is believed51k,S11 that the base-catalysed condensation mechanism involves penta- or hexa- 
coordinated transition states. Okkerse521 proposed a bimolecular intermediate involving one 
hexa-coordinated silicon:
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H
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Swain et al.52k proposed that silicon forms stable penta-coordinate intermediates: either 
SN2**-Si or Sn2*-S1 mechanisms:
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The asterisks distinguish between the formation or decay of the transition states, T.S.l and 
T.S.2, as the rate determining steps, Sn2** and Sn2*, respectively.
Acid-Catalysed Condensation: Mechanism
It is generally believed that the acid-catalysed condensation mechanism involves a protonated 
silanol species52. Protonation of the silanol makes the silicon more electrophilic and therefore 
more susceptible to nucleophilic attack. Silanols contained in monomers or weakly branched 
oligomers (most basic silanols) are the most likely to be protonated. Therefore, condensation 
reactions may occur preferentially between protonated silanols and neutral species.
As for base-catalysed condensation, it has been proposed that acid-catalysed condensation 
involves penta- or hexa-coordinate transition states or intermediates and so will be influenced 
by both steric and inductive effects. It is hypothesised that extensive hydrolysis and
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condensation should destabilise the positively charged intermediate or transition state 
involved in the acid-catalysed condensation reaction and thus retard the condensation kinetics.
Effect of reverse reactions. Alcoholysis and hydrolysis of siloxane bonds (reverse of Eqs. 2 
and 3) provide a means for bond-breakage and reformation. This allows continual 
restructuring of the growing polymers. The rate of hydrolysis of siloxane bonds is pH- 
dependent. Klemperer et al.S2m have shown that alcoholysis occurs under basic conditions, 
leading to redistribution of siloxane bonds.
1.3. Sol-Gel Hybrids
As mentioned previously, the various characteristics of the sol-gel process (e.g. metallo- 
organic precursors, organic solvents, low processing temperatures, etc.) allow the introduction 
of organic molecules inside an inorganic network, resulting in organic-inorganic sol-gel 
hybrids. These hybrid materials have been termed ‘eeramers’, ‘ormosils’ (organically 
modified silicates) or ‘onnocers’ (organically modified ceramics).
The incorporation of organic molecules into the inorganic network can lead to modification of 
mechanical properties, easier processing of films and fibres, near shape moulding of various 
pieces for integrated optics, porosity control and adjustment of hydrophobic/hydrophilic 
balance59. Additionally, the organic compounds may contribute to a specific property (optical 
or electrical properties, electrochemical reactions, chemical or biochemical reactivity). The 
inorganic component of the material contributes to its mechanical and thermal strength, allows 
the modulation of the optical index, and may also lead by itself to interesting electrochemical, 
electrical, or magnetic properties. Therefore, by use of the sol-gel process novel materials 
which are composites down to the nanometre scale and which exhibit novel properties can be
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synthesised. The preparation, characterisation, and applications of organic-inorganic hybrid 
materials have become a fast expanding area of research59'63.
Although there have been numerous reports of the incorporation of organic molecules into 
inorganic networks this study is primarily concerned with the incorporation of polymeric 
materials, since the organic components used in this study are polymers themselves. Table
1.3.1 and figure 1.3.1 show the differences in properties of organic polymers and metal 
oxides.
Table 1.3.1: Table outlining the common differences between polymers and metal
oxides60
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POLYMER METAL OXIDES
Mechanical Properties
strength weak strong
modulus low high
elongation high low
Thermal Stability low high
Thermal Expansion high low
Refractive Index 1.4- 1.8 1.4-4.0
Hardness soft hard
Wettability controllable uncontrollable
Spectrum Colour wide narrow
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Figure 1.3.1: Figure describing how inorganic and organic polymer properties may be 
combined to form hybrid materials
HYBRID
INORGANIC GLASS ORGANIC POLYMER
s t r o n g ,  r ig id ,  h a r d ,  
a b r a s io n  r e s i s t a n t ,  
t h e r m a l ly  s t a b le .
p r o c e s s i b l e ,  t o u g h ,  
l o w  d e n s i t y ,  v a r ia b le  
m o d u lu s ,  f i l m  f o r m in g .
As can be seen from the table and figure above, polymers and metal oxides have very different 
properties, therefore by mixing at the molecular level new hybrid materials with desirable 
properties can be fabricated.
Organic-inorganic hybrid materials can be divided into several classes based on their 
synthesis, macromolecular structures and phase connectivities59,60. The following paragraphs 
will provide detail on these classes with the emphasis on the use of polymeric materials as the 
organic component.
Type I: Entrapped Organics
This is the most direct route to the formation of organic-inorganic hybrid materials through 
the sol-gel process and is the method that was used in the preparation of silica-polyviologen 
hybrids that will be discussed in future chapters. Basically, the sol-gel reaction is carried out 
in the presence of an organic compound in a common solvent (Figure 1.3.2). The organics are
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thus trapped within the oxide gel network during hydrolysis and condensation. As well as 
polymers, dyes, liquid crystals and oligomers have also been incorporated into an inorganic 
network using this method59'63. The resulting materials are generally amorphous and exhibit a 
wide variety of properties which may be improved through the control of their microstructure. 
The microstructure and spatial repartition of organic and inorganic components are mainly 
governed by weak interactions such as van der Waals forces, hydrogen bonding, and 
hydrophilic-hydrophobic forces.
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Figure 1.3.2: Synthesis of type I sol-gel hybrids60
TYPE II: I  + Covalent bonding
The above type I hybrids do not have the benefit of planned covalent links between the 
inorganic and organic phases. By introducing covalent bonds between the two phases, more 
homogeneous hybrids can be obtained. These type II hybrids can be synthesised by carrying 
out a standard sol-gel reaction in the presence of preformed polymers possessing trialkoxysilyl 
moieties, -CH2Si(OR)3. An example is a hybrid containing poly(tetramethylene oxide) 
(PTMO) oligomers endcapped with triethoxysilyl groups60.
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TYPE III: Simultaneous polymerisation
Although the two types outlined above have received substantial attention, there are however 
two drawbacks in forming hybrid materials by the incorporation of preformed polymers into 
sol-gel glasses. The first is that only a finite number of polymers are soluble in the 
tricomponent, sol-gel solution. Secondly, there is considerable stress within the dried glasses 
due to the shrinkage associated with the drying stage, hence this precludes these materials 
from most moulding applications. These limitations have led to the use of methods involving 
the in situ formation of both the organic polymer and the inorganic network. With the right 
set of conditions, the polymer can be kinetically trapped within the inorganic network before 
significant phase separation can occur. Therefore, this method allows transparent hybrid 
materials to be prepared which contain an organic polymer normally insoluble in typical sol- 
gel solutions59’60.
Another method to produce type HI hybrids involves the aqueous ring opening metathesis 
polymerisation (aqueous ROMP) technique that is compatible with the restrictive conditions 
imposed by the sol-gel reaction (i.e. aqueous acidic or basic medium). The aqueous ROMP 
reaction involves the ring opening polymerisation of strained cyclic alkenes catalysed by a 
variety of Ru3+ and Ru2+ salts. A ROMP example is shown in figure 1.3.360.
Type IV: III + Covalent bonding
Type IH hybrids can be converted to type IV hybrids by incorporating covalent bonds between 
the two phases. For example, in the case of PMMA free radically derived materials, covalent 
bonding between the two phases can easily be accomplished by the use of tri(methoxysilyl) 
propyl methacrylate as the coupling agent60. For hybrids synthesised by the ROMP technique, 
crosslinking agents are also used60.
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Figure 1.3.3: Synthesis of type III hybrids using the ROMP method
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Type V* ‘Non-shrinking ’ hybrids
As with the preformed polymer hybrids, shrinkage remains a problem in types IE and IV. 
This has been overcome by the synthesis of a series of tetraalkyl orthosilicate derivatives 
possessing polymerisable alkoxide groups in place of the standard ethoxide or methoxide 
groups. During hydrolysis and condensation these siloxane derivatives liberate four 
equivalents of polymerisable alcohol. In the presence of the appropriate catalyst (free radical 
or ROMP) and by using a stoichiometric amount of water and the corresponding alcohol as 
co-solvent, all components of these derivatives are polymerised. Since the co-solvent and the 
liberated alcohol polymerise, no evaporation is necessary and large scale shrinkages are 
avoided. The overall process is outlined in figure 1.3.460.
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Figure 1.3.4: Synthesis of type V hybrids using the ROMP method
1.4. Sol-Gel Sensors
The original aim of producing silica-polyviologen sol-gel hybrids was to make use of the 
redox (either chemical or photochemical) behaviour of the polyviologens to produce 
‘durable’ redox sensors, in particular oxygen sensors. As mentioned in the previous sub­
section, by combining inorganic and organic components optimum materials can be obtained. 
Therefore, the susceptibility of main-chain polyviologens to atmospheric water for example, 
may be overcome by incorporation into an inorganic network.
Over the last ten years there has been great interest in the utilisation of the sol-gel process to 
produce sol-gel sensors6‘gs' 64‘67. Depending on the active component of the sol-gel material, 
biosensors, waveguide sensors and modified electrodes have been synthesised to sense a wide 
range of chemicals (e.g. toxic metal cations, anions), gases (e.g. 0 2, C 02, NO), reactions (e.g. 
proton transfer reactions, redox reactions, complexations, ligand exchanges, enzymatic 
reactions) etc.64’68. The aim of this sub-section is to provide a brief overview of the area of 
organically modified sol-gel sensors.
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The majority of sol-gel sensors produced to date have involved the encapsulation of the active 
organic component in an inorganic matrix, i.e. type I sol-gel hybrids64. The chemical inertness 
and optical transparency of silica sol-gel matrices have made the encapsulation methodology 
attractive for optical sensor developments. The fact that sol-gel materials can be made in 
various forms as the analytical or optical method requires, is an attractive feature for sensing 
purposes. Hence, sensing materials have been made as monolithic blocks, microscopic grains, 
optical fibre coatings and in chromatographic capillary tubes64. Another excellent feature is 
that extremely high sensitivities can be achieved with sol-gel sensors64.
For biosensors66, active proteins, enzymes, antibodies, whole cells and their extracts and other 
active biological materials have been encapsulated in a variety of inorganic networks ranging 
from insulating materials such as silica to semiconducting materials such as vanadium 
pentoxide.
Avnir64 produced a wide range of sol-gel sensors with varying organic molecules used as the 
sensing component of the material. For example, a pH absorbance optical fibre sol-gel sensor 
was constructed with a-naphthophtlnalein as the sensing component.
As previously mentioned one of the aims of this study is to produce oxygen redox sensors 
using polymeric viologens. There have already been reports of the synthesis of sol-gel oxygen 
sensors, but none of these have used a polymer as the sensing component66. For example, 
haemoglobin and myoglobin have both been encapsulated within a sol-gel matrix to sense 
oxygen66. The resulting materials had a response time of one minute, a linearity range of 2.5 
- 250 |nmol/l and a stability of a few days. Additionally, an oxygen sensor has been
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1.5. Pore Size Control
In order to produce silica-polyviologen redox sensors it is important that oxygen can diffuse 
into the sol-gel matrix and so react with the viologen cation radicals once produced. This 
leads into the area of pore sizes and pore size distributions, since the pore size of the sol-gel 
material will have an effect on the oxygen diffusion in and out of the material. For example, 
Dai et al.68 produced sol-gel glasses with methyl viologen cation radicals, MV+’, entrapped 
within the matrix. It was found that the MV+' formed by photolysis in the acid-catalysed glass 
in the presence of air persists for months in some cases with no visually detectable loss of 
intensity, whereas in other glasses the cation radical was only stable for a number of hours. 
The reasons for these findings were attributed to limited oxygen diffusion and to side 
reactions. Additionally in the cases where the cation radical was stable for months it was 
hypothesised that this was due to very small pore sizes in the final glass and so air cannot 
reach the encapsulated MV+’.
Dai et a l68 also cited the work of Thompson et al. who found similar results when viologen 
cation radicals were produced in a layered inorganic matrix (not a sol-gel glass). However, 
the findings of limited oxygen diffusion in sol-gel glasses outlined above are contradicted by a 
number of authors66,69’72. For example, Ueda et al.69 studied the photochemical behaviour of 
tethered dianthryl compounds in sol-gel glasses. They found that atmospheric oxygen did 
permeate into the inorganic matrices readily even in dense sol-gel films. Additionally, a 
review by Lev et al.70 gave an example of a sol-gel oxygen sensor based on the quenching of 
the fluorescence of doped ruthenium complexes by oxygen. The resulting sensor was found to
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constructed using a cross-linked viologen-containing vinyl polymer
(poly(divinylbenzylviologen)), although a sol-gel matrix was not used69.
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be reversible and have a fast (a few seconds) response time, with zero reagent leaching. 
Finally, Ellerby et a l71 produced a sol-gel glass containing ferricytochrome c. When the aged 
gels or xerogels were soaked in a solution of sodium dithionite, the glasses became salmon 
coloured and the resulting absorbance spectra were virtually identical to that of reduced 
ferricytochrome c in solution. The encapsulated ferricytochrome c spontaneously reoxidised 
when the glass was exposed to air. The oxidation-reduction process was repeated without 
deterioration of spectroscopic properties. Other papers which indicate ready oxygen diffusion 
are given in the references66’72.
It may be concluded from the above that oxygen can diffuse into sol-gel glasses and dense 
films, and that in the case of Dai et al.68, the factor that causes vioiogen cation radical stability 
is mainly the pore sizes. Therefore, it is necessary to produce silica-poly vioiogen sol-gel 
materials with uniform (ideally) pore sizes, in which the pore sizes are sufficient to allow 
oxygen diffusion, but also to minimise the leaching of the entrapped polyviologen from the 
inorganic matrix.
1.6. Templating and Hydrophobic Hydration
The combination of organic species and inorganic minerals and networks has attracted much 
interest in recent years for a number of reasons60,64’73. With industrial interest in completely 
new materials waning in all but added value niche markets, the novel combination of existing 
materials may represent the best opportunity for development of new materials technologies in 
the future. In particular, hybrids of organic and inorganic materials offer exciting prospects 
for the development of next generation passive (e.g. semi-structural74) and active (e.g. 
electronic75) materials. Understanding of the mechanisms for controlling the nanostructure
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and morphology in such hybrids is still in its infancy, but will be a prerequisite for further 
major advances in this field.
Structure direction is well known in the field of zeolite chemistry, in which organic molecules
75are employed to synthesise zeolites with specific pore sizes and structure . For example, 
figure 1.6.1 shows that the zeolite Si-ZSM-5 (a pure silica zeolite), which has a structure 
composed of intersecting 10-ring channels, is synthesised by using the organic structure- 
directing agent tetrapropylammonium ion (TPA)75,76.
Figure 1.6.1: Si-ZSM-5 and the proposed locations of TPA76
<> 
t
tetrapropylammonium 
(TPA)
The mechanism of structure direction is not fully understood, but it is proposed in the case of 
Si-ZSM-5, that upon heating of the synthesis gel, close contact between the protons of TPA 
and the silicon atoms of the inorganic phase (i.e. van der Waals interactions) is established 
prior to the formation of the long-range order of the crystalline zeolite structure76. Figure
1.6.2 schematically shows the proposed mechanism of structure direction.
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Figure 1.6.2: Mechanism of structure direction in zeolite synthesis• 75
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It was proposed that silicate is closely associated with the TPA molecules, thus forming 
inorganic-organic composite species that are the key species in the nucleation and crystal 
growth processes for the self-assembly of Si-ZSM-5. However, these proposals have led 
researchers76 to question the nature of these interactions and how an understanding thereof can 
be applied to the design of novel zeolite pore architectures. One of the primary issues is how 
these intermolecular interactions give rise to a particular zeolite structure, i.e. the origin of 
structural specificity. In the mechanism proposed for structure direction and self-assembly the 
first step involves the formation of an ordered, hydrophobic hydration sphere around the TPA 
cation74'77. Hydrophobic hydration at the molecular level is described as the reorientation or 
restructuring of water molecules in the area of the hydrophobic solute in order to
76accommodate the species whilst maintaining a fully hydrogen-bonded network of water . In 
the proposed mechanism of zeolite synthesis, the silicate species replace the water molecules
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in the hydrophobic hydration sphere of the structure-directing agent, there is an overlap of 
hydrophobic hydration spheres with water being expelled from these regions, thus generating 
the inorganic-organic composite species required. It is these species that apparently provide 
the means by which the geometry of the organic structure-directing agent is translated into the 
zeolite pore structure.
It has been mentioned that the ionene-type polyviologens (e.g. PXV, PBV, etc.) exhibit 
lyotropic liquid crystalline (LC) behaviour. In this LC phase it is possible that the 
polyviologens could have a “templating” effect on the growth of the silica network. In broad 
terms, a template may be defined as a central structure about which a network forms in such a 
way that removal of the template creates a cavity with morphological and/or stereochemical 
features related to those of the template. So once the template has been removed a pore is left 
that mimics the size and shape of the template. However, the fidelity of the imprint created by 
template removal depends on several factors: (1) the nature of the interaction between the 
template and the embedding matrix; (2) the ability of the matrix to conform to the template; 
(3) the relative sizes of the template and the primary units needed to construct the matrix; (4) 
possible matrix restructuring during template removal.
There are two basic types or groups of templates: non-covalently bonded and covalently 
bonded organic templates. The former includes molecules, polymers and supramolecular 
arrays, which when dissolved in solution can template small inorganic groups via electrostatic, 
van der Waals, and hydrogen-bonding interactions. For example in periodic mesoporous 
silica synthesised from charged surfactants, electrostatic interactions are thought to play a key 
role in the initial organisation of the inorganic-surfactant array78.
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Covalently bonded organic templates are those in which the templates are introduced as 
ligands covalently bonded to silica precursors, and are used in the synthesis of amorphous 
microporous silica systems.
Dabadie et a l18 studied surfactant mesophase templating effects on silica gels using 
quaternary ammonium surfactants and even bacterial assemblies have been used as 
templates79. The products have potential applications as catalysts, catalyst supports and 
separation media. Although both polymers and oligomers have been used for templating of 
silica structures*'*' 80,81, cationic polymers have so far been little studied81, despite clear
* * 73 79evidence of the importance of functionality in the formation of natural composites ’ .
From the above it seems that structure direction and templating are identical, however, it 
should be noted that although the two processes are similar, in zeolites the organic molecule 
rarely acts as a true template but typically directs structure or fills space in the porous product. 
Conversely, in mesoporous silica the organic molecule clearly acts as a template. In terms of 
this project there is a possibility that the polyviologens are acting as structure-directing agents 
and/or as organic templates since there could be electrostatic interactions and lyotropic LC 
behaviour affecting the growth of the inorganic matrix.
To conclude this chapter, the objectives of this study will be given. Although the principle 
aim of this study was to produce durable redox sensors using the sol-gel route, other 
objectives included the characterisation of these sol-gel hybrid materials (using a variety of 
analytical techniques), and determining whether what effect, if any, the polyviologens had on 
the growth of the silica network.
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Introduction
This chapter gives details of the synthesis of the polyviologens and silica-polyviologen sol-gel 
hybrids, and the characterisation techniques employed to study these materials. Section 2.2 is 
split into two parts: (1) synthesis of polyviologens where the viologen moiety is in the main- 
chain of the polymer; (2) synthesis of polyviologens where the viologen moiety is pendant to 
the polymer backbone. Section 2.3 provides details of the silica-polyviologen sol-gel hybrids 
synthesised, and the methods used for their preparation. Finally, the instrumentation used for 
the analyses of the polymers and their resulting hybrids is described in section 2.4.
2.1. Chemicals
4,4/-Dipyridyl (98%, Lancaster and Avocado); oqa'-dibromo-p-xylene (97%, Aldrich); 1,4- 
dibromobutane (99%, Lancaster); 1,2-dibromoethane (99%, Lancaster); 1,6-hexanediol (99%, 
Avocado); 1,4-butanediol (99%, Avocado); ethylene glycol (99+%, Aldrich); p- 
toluenesulphonyl chloride (98%, Aldrich); methanesulphonyl chloride (98%, Lancaster); 
pyridine (99+%, Lancaster); ethyl acetate (HPLC grade, Fischer); sodium dithionite (85%, 
Aldrich); benzyl chloride (99%, inhibited with 0.25% propylene oxide, Lancaster); 
vinylbenzyl chloride (97%, Aldrich); methyl methacrylate (99%, Lancaster); styrene (99%, 
Aldrich); 2,2/-azo/?A-(2-methylpropionitrile), AIBN, (98%, Janssen Chimica); diethyl ether 
(HPLC grade, Fischer); acetone (Technical grade, Fischer); tetraethylorthosilicate, TEOS 
(98+%, Lancaster); tetramethylorthosilicate, TMOS (98%, Aldrich); methanol (HPLC grade, 
Fischer); absolute alcohol 100 (HPLC grade, Sigma-Aldrich); glacial acetic acid (AR grade, 
Fischer); and hydrochloric acid (1M) were all used as received. Acetonitrile (HPLC grade,
2:1
Fischer) and A,A'-dimethylformamide (DMF) were both dried over 3A molecular sieves 
(Aldrich) before use.
2.2. Polyviologen Synthesis 
2.2.1: Ionene Polymer Synthesis
PoIy(xylylviologen dibromide), PXV-Br2 1
Equimolar amounts of 4,4'-dipyridyl (2.009 g, 13 mmol) and a,a'-dibromo-/?-xylene (3.385 g, 
13 mmol) were reacted in 5% concentration in dry acetonitrile (110 ml) for 19 hours at room 
temperature. The resulting polymer precipitate was filtered, washed with acetone, then dried 
at 43°C/30 mm. for 24 hours, followed by 12 hours at 85°C. A bright yellow solid was 
obtained (3.337 g; 67%).
Poly(butylviologen dibromide), PBV-Br2 2
Equimolar amounts of 4,4'-dipyridyl (2.015 g, 13 mmol) and 1,4-dibromobutane (2.773 g, 13 
mmol) were reacted in 5% concentration in dry acetonitrile (95 ml) for 3 hours at room 
temperature. The solution was then refluxed under nitrogen at 90°C for 16 hours. The 
resulting polymer precipitate was filtered under suction whilst hot, and washed with 
acetonitrile and then acetone. Drying at 90°C for 24 hours yielded a yellow-brown solid 
polymer (1.766 g; 37%).
Poly(ethyIviologen dibromide), PEV-Br2 3
Equimolar amounts of 4,4'dipyridyl (2.009 g, 13 mmol) and 1,2-dibromoethane (2.419 g, 13
mmol) were reacted in dry acetonitrile (100 ml) and refluxed at 90°C for 48 hours under a
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nitrogen atmosphere. The resulting polymer precipitate was filtered under suction whilst hot,
2:2
and washed with acetonitrile and then acetone. Drying at 60°C for 24 hours in vacuo yielded 
a green-brown solid polymer (1.160 g; 26%).
1.2-Ethane ditosylate4
To a 100 ml round-bottomed flask was added ethylene glycol (3.339 g, 54 mmol) in pyridine 
(40 ml). The solution was cooled to 0°C and treated with p-toluenesulphonyl chloride (tosyl 
chloride) (20.70 g, 108.5 mmol). The mixture was stirred vigorously for 30 minutes and then 
stored at 0°C overnight (during which time pyridine hydrochloride precipitated out). The 
mixture was then cautiously diluted with saturated aqueous sodium bicarbonate (100 ml), with 
stirring and cooling. The ditosylate was then extracted twice with chloroform (2 x 120 ml) 
and the extracts washed with sodium bicarbonate solution. The combined extracts were rotary 
evaporated, and the product recrystallised from methanol (ca. 300 ml), and then dried at 60°C 
under vacuum for 24 hours. A white, crystalline powder was obtained (15.101 g; 76%).
1.2-Ethane dimesylate 5
To an oven-dried 250 ml, two-necked, round-bottomed flask was added 150 ml of 
dichloromethane. The flask was cooled to ca. -10°C in an ice-salt bath. To this flask was 
added (via a pressure equalising dropping funnel and under nitrogen) ethylene glycol (3.863 g, 
62 mmol), triethylamine (12.63 g, 124.8 mmol), and methanesulphonyl chloride (10 ml, 14.92 
g, 130 mmol). The resulting solution was stirred for an additional 30 minutes and then 
quenched by the addition of 120 ml of ice-water. The organic layer was separated and washed 
successively with 1M hydrochloric acid solution (75 ml), saturated aqueous sodium 
bicarbonate solution (75 ml) and brine (75 ml). The organic layer was then dried over 
magnesium sulphate, filtered, and concentrated with a rotary evaporator. The crude product
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1.4-Butane ditosylate4
To a 100 ml round-bottomed flask was added 1,4-butanediol (2.020 g, 22.4 mmol) in pyridine 
(20 ml). The solution was cooled to 0°C and treated with p-toluenesulphonyl chloride (tosyl 
chloride) (8.701 g, 45.6 mmol). The mixture was stirred vigorously for 30 minutes and then 
stored at 0°C overnight (during which time pyridine hydrochloride precipitated out). The 
mixture was then cautiously diluted with saturated aqueous sodium bicarbonate (60 ml), with 
stirring and cooling. The ditosylate was then extracted twice with chloroform (2 x 120 ml) 
and the extracts washed with sodium bicarbonate solution. The combined extracts were rotary 
evaporated and the product recrystallised from methanol (ca. 150ml), and dried at 60°C under 
vacuum for 24 hours. A bright, white, crystalline powder was obtained (4.45 g; 50%).
1.4-Butane dimesylate 5
To an oven-dried 250 ml, two-necked, round-bottomed flask was added 120 ml of 
dichloromethane. The flask was cooled to ca. -10°C in an ice-salt bath. To this flask was 
added (via a pressure equalising dropping funnel and under nitrogen) 1,4-butanediol (3.002 g, 
33 mmol), triethylamine (6.767 g, 66.8 mmol), and methanesulphonyl chloride (5.5 ml, 8.205 
g, 71.6 mmol). The resulting solution was stirred for an additional 30 minutes and then 
quenched by the addition of 80 ml of ice-water. The organic layer was separated and washed 
successively with 1M hydrochloric acid solution (50 ml), saturated aqueous sodium 
bicarbonate solution (50 ml), and brine (50 ml). The organic layer was then dried over 
magnesium sulphate, filtered and concentrated with a rotary evaporator. The crude product
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was then recrystallised from methanol (300 ml), dried in vacuo at 40°C for 24 hours, yielding
a white crystalline solid (11.20 g; 82%).
2:4
1.6-Hexane ditosylate 4
To a 100 ml round-bottomed flask was added 1,6-hexanediol (6.011 g, 50.9 mmol) in pyridine 
(40 ml). The solution was cooled to 0°C and treated with /?-toluenesulphonyl chloride (tosyl 
chloride) (19.46 g, 102.1 mmol). The mixture was stirred vigorously for 30 minutes and then 
stored at 0°C overnight (during which time pyridine hydrochloride precipitated out). The 
mixture was then cautiously diluted with saturated aqueous sodium bicarbonate (100 ml), with 
stirring and cooling. The ditosylate was then extracted twice with chloroform (2 x 120 ml) 
and the extracts washed with sodium bicarbonate solution. The combined extracts were rotary 
evaporated, and the product recrystallised from methanol (ca. 400ml), then dried at 60°C 
under vacuum for 24 hours. A white powder was obtained (15.56 g; 68%).
1.6-Hexane dimesylate 5
To an oven-dried 250 ml, two-necked, round-bottomed flask was added 170 ml of 
dichloromethane. The flask was cooled to ca. -10°C in an ice-salt bath. To this flask was 
added (via a pressure equalising dropping funnel and under nitrogen) 1,6-hexanediol (7.246 g, 
61.3 mmol), triethylamine (12.35 g, 122 mmol), and methanesulphonyl chloride (10 ml, 14.92 
g, 130 mmol). The resulting solution was stirred for an additional 30 minutes and then 
quenched by the addition of 120 ml of ice-water. The organic layer was separated and washed 
successively with 1M hydrochloric acid solution (75 ml), saturated aqueous sodium 
bicarbonate solution (75 ml), and brine (75 ml). The organic layer was then dried over 
magnesium sulphate, filtered and concentrated with a rotary evaporator. The crude product
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was then recrystallised from methanol (300 ml), dried in vacuo at 40°C for 24 hours, yielding
a white crystalline solid (3.808 g; 46%).
2:5
Poly(ethylviologen ditosylate), PEV-OTs 6
4,4/-dipyridyl (2.271 g, 14.5 mmol) and ethane ditosylate (5.548 g, 15 mmol) were reacted 
with stirring in dry acetonitrile (100 ml) at 82°C for 120 hours. During the polymerisation 
reaction, a partial precipitation occurred. At the end of the reaction, the reaction flask was 
cooled to room temperature and the polymer was precipitated out completely with the addition 
of ethyl acetate (ca. 300 ml). The polymer was filtered under suction and dried in vacuo at 
90°C for 24 hours. A brown powder was obtained (3.981 g; 50%).
Poly(ethylviologen dimesylate), PEV-OMs
4,4'-dipyridyl (1.767 g, 11.3 mmol) and ethane dimesylate (2.536 g, 11.6 mmol) were reacted 
with stirring in dry acetonitrile (100 ml) at 82°C for 120 hours. During the polymerisation 
reaction, a partial precipitation occurred. At the end of the reaction, the reaction flask was 
cooled to room temperature and the polymer was precipitated out completely with the addition 
of ethyl acetate (ca. 200 ml). The polymer was filtered under suction and dried in vacuo at 
90°C for 24 hours. A brown powder was obtained (1.624 g; 54%).
Poly(butylviologen ditosylate), PBV-OTs 6
4,4'-dipyridyl (1.491 g, 9.55 mmol) and 1,4-butane ditosylate (3.960 g, 9.94 mmol) were 
reacted with stirring in dry acetonitrile (85 ml) at 82°C for 120 hours. During the 
polymerisation reaction, a partial precipitation occurred. At the end of the reaction, the 
reaction flask was cooled to room temperature and the polymer was precipitated out 
completely with the addition of ethyl acetate (ca. 250 ml). The polymer was filtered under
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was then recrystallised from hot ethanol (300 ml), dried in vacuo at 40°C for 24 hours,
yielding a white crystalline solid (12.84 g; 76%).
2:6
Poly(butylvioIogen dimesylate), PBV-OMs
4,4'-dipyridyl (1.876 g, 12 mmol) and butane dimesylate (3.007 g, 12.2 mmol) were reacted 
with stirring in dry acetonitrile (90 ml) at 85°C for 120 hours. During the polymerisation 
reaction, a partial precipitation occurred. At the end of the reaction, the reaction flask was 
cooled to room temperature and the polymer was precipitated out completely with the addition 
of ethyl acetate (ca. 200 ml). The polymer was filtered under suction and dried in vacuo at 
90°C for 24 hours. A light brown powder was obtained (3.222 g; 67%).
Poly(hexylviologen ditosylate), PHV-OTs 6
4,4'-dipyridyl (5.450 g, 34.9 mmol) and 1,6-hexane ditosylate (15.56 g, 35 mmol) were 
reacted with stirring in dry acetonitrile (200 ml) at 82°C for 120 hours. During the
polymerisation reaction, a partial precipitation occurred. At the end of the reaction, the
reaction flask was cooled to room temperature and the polymer was precipitated out 
completely with the addition of ethyl acetate (ca. 400 ml). The polymer was filtered under 
suction and dried in vacuo at 90°C for 24 hours. A light brown powder was obtained (19.97 
g; 90%).
Poly(hexylvioIogen dimesylate), PHV-OMs
4,4/-dipyridyl (6.029 g, 38.6 mmol) and 1,6-hexane ditosylate (10.69 g, 39 mmol) were 
reacted with stirring in dry acetonitrile (200 ml) at 84°C for 120 hours. During the
polymerisation reaction, a partial precipitation occurred. At the end of the reaction, the
reaction flask was cooled to room temperature and the polymer was precipitated out
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suction and dried in vacuo at 80°C for 24 hours. An off-white powder was obtained (4.769 g;
90%).
2:7
completely with the addition of ethyl acetate (ca. 300 ml). The polymer was filtered under 
suction and dried in vacuo at 100°C for 24 hours. A light brown powder was obtained (15.60 
g; 94%).
2.2.2. Viologen-Containing Vinyl Polymers
A,/V'-Dmnylbenzyl-4,4'-dipyridinium dichloride (divinylbenzylviologen, DVBV)
4,4'-dipyridyl (2.048 g, 13 mmol) and vinylbenzyl chloride (4.009 g, 26 mmol) in anhydrous 
acetonitrile (75 ml) were refluxed at 80°C for 21 hours under a nitrogen atmosphere. The 
resulting pink precipitate was filtered under suction whilst hot and washed with copious 
amounts of acetonitrile and DMF. The solid was dried at 90°C for 24 hours, and a 
yellow/orange hygroscopic powder was obtained (2.961 g; 49%).
Poly(divinylbenzylviologen dichloride), PDVBV
In a 50 ml round-bottomed flask, Ar,///-vinylbenzyl-4,4/-dipyridinium dichloride (1.007 g, 2.1 
mmol) in distilled water (25 ml) was stirred until the solid had dissolved. Hydrogen peroxide 
(10 wt. % monomer used) was added and the solution deareated for 30 minutes. A three-way 
tap was connected, the flask evacuated and then filled with nitrogen. The solution was heated 
at 80°C for 20 hours. The resulting polymer solution was poured into an excess of acetone 
(ca. 400 ml), whereupon a precipitate formed. This precipitate was filtered under suction and 
then dried at 70°C overnight in vacuo. A dark brown solid was obtained (0.742 g; 74%).
yV-4-BenzyIviologen 7
A solution of 4,4'-dipyridyl (6.405 g, 41 mmol) and benzyl chloride (3.5 ml, 3.750 g, 29.6 
mmol) in dry acetonitrile (150 ml) was refluxed at 80°C for 24 hours under a nitrogen
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atmosphere. The reaction mixture containing a lot of precipitate was diluted with diethyl 
ether (300 ml), followed by filtration and washing the precipitate with ether. The product was 
then dried at 80°C for 24 hours and an off-white powder obtained (7.399 g; 86%).
V-Vinylbenzyl-iV'benzyl-4,4’-dipyridinium dichloride (VBBV) 7
A-4-Benzylviologen (2.111 g, 7.5 mmol) was dissolved in DMF (95 ml) by the application of 
heat. To the resulting solution kept at 80°C was added vinylbenzyl chloride (3.5 ml, 3.776 g, 
24.8 mmol) with stirring. The solution was then stirred at 80°C for 76 hours. Upon cooling, 
the reaction mixture containing a lot of precipitate was diluted with diethyl ether (250 ml), 
followed by filtration and washing the precipitate with ether. The product was then dried at 
80°C for 24 hours and a light brown powder obtained (2.907 g; 89%).
Synthesis of Viologen-Containing Copolymers with Styrene and Methyl Methacrylate
Copolymers of VBBV and styrene or methyl methacrylate (MMA) were synthesised with 
varying feed ratios. Two methods were used for the synthesis of the copolymers by free 
radical solution polymerisation, the reason for which is detailed in Chapter 3. For both 
methods an example is given.
Method 1: Synthesis of Poly(VBBV-co-Styrene) (1:20)
To a round-bottomed flask was added VBBV (0.216 g, 0.5 mmol), styrene (1.060 g, 10 
mmol), methanol (6 ml) and finally AIBN (0.042 g, 0.3 mmol, 3 mol. % initiator). The 
monomer solution was then degassed using the freeze-thaw method, the flask filled with 
nitrogen and sealed. The solution was then heated at 60°C for 48 hours, whereupon the 
solution had solidified. Acetone (ca. 20 ml) was added and the precipitate was filtered under 
suction until air dry. The polymer was then added to distilled water (ca. 20 ml) and filtered
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Table 2.2.1 gives details on the synthesis of viologen copolymers using this method:
again. The solid product was dried at 80°C for 24 hours under vacuum and a brown powder
obtained (0.127 g; 10%).
Table 2.2.1: Copolymerisation behaviour of VBBV with styrene using method 1
Viologen
M onomer
(weight)
Comonomer
(weight)
M olar
Ratio
(VBBV:
Styrene)
Initiator
(weight)
Solvent
(ml)
Polym"
Temp.
(°C)
Polym" 
Time (h)
Yield (% ) and 
Appearance
VBBV
(0.216 g)
STYRENE
(1.060 g)
1 :20 AIBN 
(0.042 g)
Methanol
(6)
60 48 10 (brown 
powder)
VBBV 
(0.440 g)
STYRENE
(1.001 g)
1 : 10 AIBN 
(0.036 g)
Methanol
(4)
60 18 51 (brown 
powder)
VBBV 
(0.663 g)
STYRENE 
(0.792 g)
1 : 5 AIBN
(0.028 g)
Methanol
(5)
60 21 11 (light 
brown powder)
Method 2: Synthesis of Poly (VBBV)
To a 25 ml round-bottomed flask was added VBBV (0.498 g, 1.1 mmol), methanol (5 ml), and 
AIBN (0.005 g, 0.03 mmol, 3 mol % initiator). The monomer solution was degassed using 
the freeze-thaw method, the flask filled with nitrogen and then sealed. The monomer solution 
was heated at 60°C for 72 hours and the polymer precipitated into acetone (ca. 15 ml). The 
precipitate was filtered under suction and washed with acetone and then dried at 80°C for 24 
hours under vacuum. The polymer was then dissolved in hot DMF (ca. 150 ml) and filtered 
under suction. To the filtrate was added acetone (ca. 200 ml) and the resulting precipitate
2:10
filtered under suction and washed with copious amounts of acetone. The product was dried at 
80°C for 24 hours under vacuum and a light brown powder obtained (0.125 g; 25%).
Tables 2.2.2 and 2.2.3 give details of the synthesis of viologen copolymers using method 2:
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Table 2.2.2: Copolymerisation behaviour of VBBV with styrene using method 2
Viologen
Monomer
(weight)
Comoriomer
(weight)
M olar
Ratio
(VBBV:
Styrene)
Initiator
(Weight)
Solvent
(ml)
Polym"
Tenip.
(°C)
Polym* - 
Time (h)
Yield (%) aiid 
Appearance
VBBV 
(0.498 g)
AIBN
(0.005 g, 
3 mol %)
Methanol
(5)
60 72 25 (light 
yellow 
powder)
VBBV 
(0.423 g)
STYRENE 
(0.502 g)
1 : 5 AIBN
(0.018 g,
2 mol %)
Methanol
(10)
60 96 13 (light 
brown powder)
VBBV 
(0.440 g)
STYRENE
(1.001 g)
1 : 10 AIBN 
(0.036 g, 
2 mol %)
Methanol
(4)
60 18 11 ( dark 
brown powder)
VBBV
(0.260 g)
STYRENE
(0.606 g)
1 : 10 AIBN
(0.020 g,
2 mol %)
Methanol
(7)
60 48 12 (light 
brown powder)
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Table 2.2.3: Copolymerisation Behaviour of VBBV with MMA
Vioiogen
Mohomer
(Weight)
Comonomer
(weight)
M olar
Ratio
(VBBV:
MMA)
initiator 
(weight, 
2 mol %)
Solvent
(ml)
Polym"
Temp.
(°C)
Polym" 
Time (h)
Yield (% ) and 
Appearance
VBBV
(0.218 g)
MMA 
(1.015 g)
1 : 20 AIBN 
(0.032 g)
Ethanol
(10)
70 72“ 40
(brown/orange
powder)
VBBV 
(0.223 g)
MMA 
(0.498 g)
1 : 10 AIBN
(0.018 g)
Ethanol
(10)
70 72 b 18 (dark pink 
powder)
VBBV 
(0.087 g)
MMA 
(0.999 g)
1 : 50 AIBN 
(0.032 g)
Ethanol
(10)
70 4 8 “ 52 (light pink 
powder)
VBBV 
(0.099 g)
MMA 
(2.284 g)
1 : 100 AIBN
(0.073 g)
Ethanol
(10)
70 4 8 “ 82
(pink/brown
powder)
a precipitated into ether, filtered until air dry, added to distilled water, filtered until air dry, dissolved in
DMF and filtered, then reprecipitated by the addition of ether. 
b precipitated into ether, filtered until air dry, dissolved in DMF, filtered, then reprecipitated by the addition of 
ether.
The characterisation of the monomers and polymers synthesised in this section is detailed in 
Chapter 3.
2.3. Silica-Poly vioiogen Synthesis
Four methods have been employed to synthesise sol-gel hybrids containing varying amounts 
of polyviologen. These methods are outlined below (although it should be noted that the 
amounts of reactants used will differ depending on the hybrid system) and the hybrids 
synthesised are detailed in Tables 2.3.1 - 2.3.10.
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PXV-Br (0.096 g, 2.3 mmol) was dissolved in distilled water (4.125 g, 229 mmol). To this 
solution was added ethanol (absolute alcohol 100) (0.88 g, 19.1 mmol). The mixture was 
shaken to dissolve as much polymer as possible. Glacial acetic acid (0.581 g, 9.7 mmol) was 
then added, and upon addition all the polymer dissolved to give a yellow, transparent liquid. 
TEOS (3.998 g, 19.2 mmol) was added and the resulting mixture became turbid. On standing, 
the mixture separated into two layers. A magnetic stirrer was added and the mixture stirred 
vigorously until homogenisation had taken place. The sample bottle was covered with 
perforated ‘parafilm’ to allow for solvent evaporation. After two days at room temperature, 
the mixture had gelled to give a yellow, transparent gel. The brittle solid was then dried at 
80°C for 72 hours during which time the sample cracked catastrophically. The solid was then 
dried for a further 45 hours at 120°C to produce a yellow, transparent, glassy material.
Method 2
To an empty sample bottle was added PXV-Br (0.301 g, 0.72 mmol), followed by distilled 
water (15.003 g). The bottle was shaken to try to dissolve as much of the polymer as possible, 
then stirred vigorously. The polymer solution was heated using a hot plate until the amount of 
water had been reduced significantly. After this heat treatment (ca. 1 hour) the amount of 
water had been reduced to 2.656 g (147 mmol). The clear yellow solution was allowed to 
cool slightly, and ethanol (0.503 g, 10.9 mmol), glacial acetic acid (0.576 g, 9.3 mmol) and 
TEOS (1.996 g, 9.6 mmol) were added. The liquid separated into two layers when left to 
stand and so the solution was stirred vigorously until homogeneous (ca. 1 hour). The sample 
bottle was covered with ‘parafilm’ (which was perforated to allow solvent evaporation) and 
left for 78 hours at room temperature (gelation occurred after 22 hours). After this time at 
room temperature some cracks had started to develop. The sample was placed in an oven at
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80°C for 2 weeks. After this heat treatment the sample had broken up considerably and a 
yellow/brown homogeneous transparent hybrid was obtained.
Method 3
This method is similar to that described in method 1, except the order of addition of the 
reactants is as follows; (1) PV; (2) methanol; (3) TMOS; (4) glacial acetic acid; (5) distilled 
water. Additionally, the samples were left at room temperature for approx. 72 hours, followed 
by heat treatment at 80°C for 10 days.
Method 4
This method is similar to that described in method 1, except the order of addition of the 
reactants is as follows; (1) PV; (2) distilled water; (3) TMOS; (4) methanol; (5) glacial acetic 
acid. Additionally, the samples were left at room temperature for approx. 72 hours, followed 
by heat treatment at 80°C for 10 days.
The silica-polyviologen sol-gel hybrids synthesised by the methods described above are 
detailed in Tables 2.3.1 to 2.3.10 . Additionally, the time to gelation (approximate) and the 
appearance of the final heat treated materials are also detailed in the following tables. The 
footnotes (a) - (i) are defined after table 2.3.10.
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Table 2.3.1: Synthesis of silica-poly(xylylviologen dibromide), PXV-Br sol-gel hybrids
Expt. No. Weight
%PV°
Alkoxide Method rl rf rf Pir Gelation 
Time, h
Appearance
1 8 TEOS lf 11.9 0.99 0.5 3 48 yellow;
transparent
2 8 TEOS lh 11.6 0.99 0.48 3 50 orange;
transparent
3 34 TEOS 2 f 15.4 1.1 0.97 3 22 brown/yellow 
; transparent
4 40 TEOS 2 f 20.4 0.99 1.3 3 21 brown/yellow 
; transparent
5 0.9 TEOS l f 15.8 1.0 1.0 2.5 <29 light yellow; 
transparent
6 10.5 TEOS l f 15.9 1.0 1.0 2.0 <26 yellow;
transparent
7 53.8 TEOS 2 f 25.8 1.0 0.78 1.5 21 dark yellow; 
transparent
8 74 TEOS 2 f 18.2 1.3 0.96 1.5 17 yellow/green;
opaque
Table 2.3.2: Synthesis of silica-poly(ethylviologen dibromide), PEV-Br sol-gel hybrids
Expt. No. Weight 
% P V
Alkoxide Method / " r c• S rf P H ' Gelation 
Time, h
Appearance
9 21 TEOS l f 7.8 0.99 0.51 2.0 24 black/brown;
opaque
10 20 TEOS 2 f 6.8 0.94 0.36 1.5 20 black/brown;
opaque
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Table 2.3.3 : Synthesis of silica-poly(ethylviologen ditosylate), PEV-OTs sol-gel hybrids
Expt. No. Weight
%PV°
Alkoxide Method A r c ' S p H ' Gelation 
Time, h
Appearance
11 3 TMOS 3 g 20.0 0.05 1.0 3.0 24 light brown; 
transparent
12 10 TMOS 3 8 4.9 1.9 1.0 2.0 24 dark brown; 
transparent
13 10 TMOS 3 g 19.9 0.1 1.0 2.5 20 dark brown; 
transparent
14 1 TMOS 3 g 5.0 1.0 1.0 2.0 <25 light brown; 
transparent
15 10 TMOS 3 g 5.0 1.0 1.0 2.0 <24 brown;
transparent
16 50 TMOS 3 8 5.1 1.0 1.0 2.0 <24 dark brown; 
transparent
Table 2.3.4 : Synthesis of silica-poly (ethylviologen dimesylate), PEV-OMs sol-gel 
hybrids
Expt. No. Weight
%PV°
Alkoxide Method r b r f p H ' Gelation 
Time, h
Appearance
17 1 TMOS 3 g 4.98 1.1 0.99 2.0 < 24 light orange; 
transparent
18 10 TMOS 3 8 4.98 0.99 0.99 2.0 4 dark brown; 
transparent
19 50 TMOS 3 8 5.0 1.0 0.98 2.0 10 dark brown; 
opaque
2:16
Chapter 2: Experimental
Table 2.3.5: Synthesis of silica-poly(butylviologen dibromide), PBV-Br sol-gel hybrids
Expt. No. Weight
% P V
Alkoxide Method r h r c r *'a p H e Gelation 
Time, h
Appearance
20 10 TEOS l r 20.0 0.98 0.62 1.5 <24 light brown; 
transparent
21 9 TMOS l g 18.9 0.96 0.36 2.5 18 dark brown; 
transparent
22 33 TEOS 2f 11.9 1.4 0.98 2.5 <24 light yellow; 
transparent
23 49 TEOS 2f 9.1 1.81 0.95 2.5 <24 brown/yellow 
; opaque
24 10 TEOS l f 21.6 0.99 0.5 3 24- 48 yellow;
transparent
25 1 TMOS l g 3.4 1.0 0.45 1.5 23 yellow;
transparent
26 10 TMOS l g 5.8 1.0 0.51 2.0 21 dark yellow; 
transparent
27 20 TMOS 2 h 6.85 1.0 0.47 2.5 23 yellow/brown 
; transparent
Table 2.3.6: Synthesis of silica-poly (butyl viologen ditosylate), PBV-OTs sol-gel hybrids
Expt. No. Weight
% P V
Alkoxide Method r b r ; p H ' Gelation 
Time, h
Appearance
28 25 TMOS 3 g 2.1 4.8 1.4 2.5 <24 yellow;
transparent
29 35 TMOS 3 s 2.8 4.7 1.3 3.0 20 yellow;
transparent
30 30 TMOS 4 g 2.0 0.97 0.5 1.5 19 yellow;
transparent
31 37 TMOS 4 g 2.0 0.97 0.5 2.0 19 yellow;
transparent
32 15 TMOS 4 g 0.6 0.96 0.3 3.0 20 yellow;
opaque
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Table 2.3.7: Synthesis of silica-poly(butylviologen dimesylate), PBV-OMs sol-gel hybrids
Expt. No. Weight
% P V
Alkoxide Method r b rf rA p H ' Gelation 
Time, h
Appearance
33 1 TMOS 3 g 5.0 1.1 0.99 2.0 <24 colourless;
transparent
34 10 TMOS 3 8 5.0 1.0 0.99 2.0 <24 yellow;
transparent
35 50 TMOS 3 g 5.1 1.0 0.99 2.0 <24 yellow/brown 
; translucent
Table 2.3.8: Synthesis of si!ica-poly(hexylviologen ditosylate), PHV-OTs sol-gel hybrids
Expt. No. Weight
% P V
Alkoxide Method r h rf r  ^'a p H ' Gelation 
Time, h
Appearance
36 26 TMOS 3 g 4.9 4.8 0.99 3.0 1 yellow;
translucent
37 36 TMOS 3 g 5.0 9.51 1.1 3.0 24 yellow;
transparent
38 13 TMOS 3 g 4.98 3.5 1.0 3.0 21 light yellow; 
transparent
39 49 TMOS 3 B 4.9 4.9 1.0 3.0 48 dark yellow; 
translucent
40 75 TMOS 3 g 4.98 9.6 1.1 3.0 48 yellow/brown 
; transparent
41 29 TMOS 3 g 2.0 0.6 0.45 1.5 <24 yellow;
transparent
42 29 TMOS 3 g 3.4 0.6 1.0 1.5 2 yellow;
transparent
43 29 TMOS 3 g 30.5 0.6 1.0 2.0 26 yellow;
transparent
44 12 TMOS 3 g 26.5 0.2 0.99 2.0 22 yellow;
transparent
45 10 TMOS 3 B 3.0 0.1 1.0 1.5 23 light yellow; 
transparent
46 50 TMOS 3 8 3.1 1.1 0.5h 1.0 22 dark yellow; 
transparent
47 1 TMOS 3 8 3.0 2.1 1.0 1.5 <48 pale yellow; 
transparent
48 10 TMOS 3 8 3.0 2.0 1.0 1.5 23 light yellow; 
transparent
49 50 TMOS 3 8 3.0 12.6 0.97 2.0 <48 dark yellow; 
transparent
50 10 TMOS 3 8 3.0 0.1 0.3' 1.0 <24 yellow;
transparent
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Table 2.3.9: Synthesis of silica-poly(hexylvioiogen dimesylate), PHV-OMs sol-gel hybrids
Expt. No. Weight 
% P V
Alkoxide Method r b r f r a p H ' Gelation 
Time, h
Appearance
51 1 TMOS 3 g 5.0 0.99 0.98 2.0 <24 colourless;
transparent
52 10 TMOS 3 g 5.0 1.0 0.99 2.0 7 pale yellow; 
transparent
53 50 TMOS 3 g 5.0 1.1 1.0 2.0 <24 light yellow; 
opaque
Table 2.3.10: Synthesis of silica glasses and a silica-poly(DVBV) sol-gel hybrid
Expt. No. Weight
% P V
Alkoxide Method r b r cr s p H ' Gelation 
Time, h
Appearance
54 0 TEOS l r 5.8 0.99 0.5 2.5 48 colourless;
transparent
55 0 TMOS l g 4.96 1.1 1.0 2.0 48 colourless;
transparent
56 0 TMOS 3 8 2.0 1.0 0.99 2.0 48 colourless;
transparent
57 0 TMOS 3 8 10.0 0.99 1.0 3.0 4 8 - 7 2 colourless;
transparent
58 0 TMOS 3 8 30.0 0.97 0.97 3.0 4 8 - 7 2 colourless;
transparent
59 20 TEOS l f 20.9 0.95 0.73 2.0 >48 dark brown; 
opaque
Footnotes to tables 2.3.1 - 2.3.10:
a Assuming complete hydrolysis and condensation of the alkoxide precursor to S i02.
b r is the waterialkoxide molar ratio.
c rs is the solvent:alkoxide molar ratio. 
d ra is the acid:alkoxide molar ratio. 
e Estimated using pH paper.
r Solvent = Ethanol (absolute alcohol 100).
8 Solvent = Methanol. 
b Solvent = N,N '-Dimethylformamide (DMF).
‘ Acid = HC1 (1M).
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2.4. Instrumentation
The results obtained from the use of the instrumentation outlined below can be found in 
Chapters 3 - 8 .
Infra-red (IR) Spectroscopy
IR spectra of the polyviologens and the sol-gel hybrids were recorded on a Perkin-Elmer 1750 
FT-IR spectrometer. Spectroscopic grade potassium bromide (KBr) (Sigma) was pre-dried at 
100°C overnight and allowed to cool in a dessicator before use. For the polyviologens, 
samples were prepared as KBr discs. For the silica-polyviologen hybrids, samples were 
prepared as KBr discs. The data were acquired for both methods after 8 scans. The sol-gel 
hybrids were all studied after their corresponding thermal treatments, and a selection were 
studied one to two hours after gelation had occurred and also after 24 hours at 80°C (see 
Chapter 6 , section 6.1).
Proton Nuclear Magnetic Resonance Spectroscopy (fi-I NMR)
lH NMR spectra were obtained at room temperature using a Bruker AC-300 NMR 
spectrometer operating at 300.15 MHz. For the polyviologens either D20  (deuterated water) 
or CD3OD (deuterated methanol) was used as the deuterated solvent. The number of scans 
performed was 16 with an acquisition time of 1.819 seconds. The same deuterated solvents 
were used for studying the hybrids systems, except the number of scans was reduced to 8 , and 
the pulse width used was also reduced from 2 .0  to 1 . 0  (due to the number of species present in 
the hybrid systems). The acquisition time remained at 1.819 seconds.
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UV/Vis Spectroscopy
UV/Vis spectra of the polyviologens were obtained using a Philips PU 8720 UV/Vis scanning 
spectrometer. Solutions of the polyviologens were prepared by dissolving the polymer in 
either distilled water or methanol.
Elemental Analysis
Analyses for carbon, hydrogen and nitrogen were carried out by Ms. N. Walker of the 
University of Surrey Microanalysis Service.
Melting Point
Uncorrected melting points were determined using a Gallenkamp melting point instrument. 
Thermal Analysis
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried 
out on Shimadzu TGA-50 and DSC-50 instruments using a heating rate of 10K min"1 under a 
nitrogen atmosphere for DSC and 20K min'1 in air and nitrogen atmospheres for TGA (20 and 
50 ml min"1 flow rates for DSC and TGA, respectively). All samples were in powder form. 
DSC cooling rates were approximately 10K min"1. For TGA of the hybrids, isothermal holds 
were incorporated in the temperature ramp as follows: hold at 100°C for 60 min, 350°C for 
120 min and finally 490°C for 120 min. For both techniques, aluminium sample pans were 
used and the sample weights were typically 10-20 mg under nitrogen and air.
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Raman Spectroscopy
The spectra were obtained on a Perkin-Elmer System 2000 NIR FT-Raman spectrometer 
equipped with data station. The laser used was a diode pumped Nd:YAG laser and the power 
output was between 50 and 110 mW for the polyviologens, and 850 mW for the 
corresponding sol-gel hybrids. All the samples were ground and quartz cuvettes used as 
sample holders and the data collected after 8 scans.
Polarised Light Microscopy (PLM)
PLM studies were performed on a Zeiss D-7082 AXIOPHOT photomicroscope equipped with 
cross polarisers and using transmitted light. A number of polyviologen solutions were 
prepared with varying concentrations either by dissolving a known amount of polyviologen in 
a known amount of distilled water and then evaporating off a certain amount of water by 
heating at ca. 90°C, or by the simple dissolution of the polyviologen in a known amount of 
distilled water. Silica-poly vioiogen sol-gel solutions were also studied. Liquid films were 
prepared by adding three drops of the polymer or sol-gel solution to a microscope slide.
Surface Area and Pore Size Analysis
N2 adsorption-desorption isotherms at 77 K were obtained using a Coulter SA 3100 BET 
instrument. After gelation the sol-gel glasses were left at room temperature for two days, 
followed by a thermal treatment of 10 days at 80°C. The samples were then outgassed for 10 
hours at 110°C before analysis.
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Small angle and wide angle X-ray scattering (SAXS-WAXS) experiments were performed at 
the synchrotron radiation source (SRS) at the CLRC Laboratory (Daresbury, UK) at NCD 
station 8.2 8. The wet gels were studied approximately 1 -2 hours after gelation, and analysed 
with Mylar (DuPont) windows. Three fully cured sol-gel glasses were also studied by SAXS 
for comparison.
Chapter 2: Experimental
X-Ray Scattering
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This chapter details the characterisation of polymers containing viologen moieties either in the 
polymer backbone or pendantly attached to a polymer backbone. Emphasis has been placed 
on the main chain polyviologens since these were the polymers incorporated within a silica 
sol-gel matrix. Additionally, the characterisation of monomers prepared as detailed in the 
previous chapter is also shown here in section 3.3.
3.1: Main-chain polyviologens
This section details the characterisation of ionene polymers bearing the viologen moiety 
separated by methylenic spacers of varying length, i.e.,
■ C h O 5- -
2X-
w h ere
R  =  (-C H 2- ) 2 and X  =  B r \  M s O  or T s O  
R  =  (-C H 2- ) 4 and X  =  B r ,  M sO - or T sO - 
R  =  ( -C H 2- ) 6 and X  =  M sO - or T sO -
R= ~ i c \
The methods of synthesis of these polyviologens were outlined in the previous chapter. The 
“polyquaternisation” of 4,4/-dipyridyl with dihalo-, ditosyl- or dimesylalkanes was performed 
preferentially using acetonitrile as the solvent since it is known that the reaction proceeds 
faster in this solvent and acetonitrile is also a non-solvent for the poly viologen1.
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All of the polyviologens synthesised were coloured or brightly coloured as detailed in chapter 
2. In all cases however, the final chromatic state was preceded by a white or faintly coloured 
precipitate in the very early stages of polymerisation. The chromaticity of these precipitates 
was found to intensify with reaction time. This formation of colour during the polymerisation 
reaction was also observed by Moore and Stupp2.
Except for PEV-OMs and PEV-OTs, all the polyviologens were slightly soluble in water, with 
the polyviologens containing bromide counterions being relatively more soluble than those 
containing tosylate or mesylate counterions. The aqueous solutions were also only faintly 
coloured relative to the solid state. However, the polyviologens containing tosylate or 
mesylate counterions were found to be readily soluble in methanol. The low solubility of the 
tosylate and mesylate polyviologens can be attributed to the hydrophobic nature of the 
counter-ions when compared to the bromide ion. This effect may reduce the extent of 
electrostatic interaction by the formation of weak ion-pair dipoles in the resulting 
polyviologen, and hence decrease the solubility in water3.
All the polyviologens could be reduced to the monocation-radical form upon addition of 
sodium dithionite to an aqueous solution of the polyviologen (Chapter 1, scheme 1.1.1). This 
reduction was easily observed by the colour change (colourless to blue-violet) which is 
associated with the reaction. Upon exposure to air the polyviologen is re-oxidised back to the 
original dicationic polymer, with the blue-violet fading to colourless. This redox behaviour 
was preserved when the polyviologens were encapsulated within a silica network.
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The following sub-sections will detail the characterisation of these polyviologens.
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3.1.1: Elemental Analysis
The elemental analysis results and the number average molecular weights (Mn) for the 
polyviologens are shown in tables 3.1.1 - 3.1.3.
Table 3.1.1: Elemental analysis of the polyviologens containing bromide (Br‘) counter­
ions
P V a C a lc u la te d E x p e r im e n ta l M n
P X V -B r C a lcu la ted  for  
C 18H i6N 2B r2:
C  5 1 .4 6 % ; H  3 .83% ; N  
6 .6 7 %
F o u n d  1 :C  50 .5 1 % ; H  
4 .11% ; N  6 .87%  
F o u n d  2: C  50 .4 6 % ; H  
4 .09% ; N  6 .90%
8 6 6 6
P B V -B r C alcu la ted  for  
C 14H 16N 2B r2:
C  4 5 .1 9 % ; H  4 .3 3 % ; N  
7 .5 3 %
F o u n d  1: C  46 .9 5 % ; H  
4 .66% ; N 8 .0 7 %  
F o u n d  2: C  4 6 .9 4 % ; H  
4 .6 0 % ; N  8 .34%
2 7 6 8
P E V -B r C a lcu la ted  fo r  
C i2H i2N 2B r2;
C  4 1 .8 9 % ; H  3 .52% ; N  
8 .14%
F o u n d  1: C  4 2 .0 9 % ; H  
3 .53% ; N  8 .51%  
F o u n d  2: C  4 2 .2 4 % ; H  
3.54% ; N  8.5%
1 2 1 9 8
a PV  =  polyviologen , P X V -B r =  P oly(xylylv io logen  dibromide), PEV-Br =  PoIy(ethylviologen dibromide), P B V -B r =  
Poly(butylviologen  dibromide).
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Table 3.1.2: E lem ental analysis of the polyviologens containing tosylate (TsO') counter­
ions
P V a C a lc u la te d E x p e r im e n ta l
P E V -O T s C a lcu la ted  for  
C 26H 26N 20 6S 2:
C  5 9 .3 0 % ; H  4 .9 8 % ; N  
5 .3 2 %
F o u n d  1: C  5 8 .75% ; H  
5 .41% ; N  5 .8 4 %  
F o u n d  2: C  58 .6 7 % ; H  
5 .46% ; N  5 .7 8 %
1 1 2 1 5
P B V -O T s C alcu la ted  for  
C 28H3oN 20 6 S 2:
C  6 0 .6 1 % ; H  5 .4 5 % ; N  
5 .0 5 %
F o u n d  1: C  59 .3 4 % ; H  
5 .47% ; N  5 .0 1 %  
F o u n d  2: C  59 .22% ; H  
5 .42% ; N  5 .0 5 %
6 5 0 0
P H V -O T s C a lcu la ted  for  
C 30H 34N 2O 6S 2:
C  6 1 .8 1 % ; H  5 .8 8 % ; N  
4 .8 1 %
F o u n d  1: C  61 .0 9 % ; H  
5 .9 0 % ; N  5 .2 1 %  
F oun d  2: C  61 .6 2 % ; H  
6 .00% ; N  5 .3 8 %
6 5 6 6
a PV  =  polyviologen , PEV-O Ts =  Poly(ethylviologen  ditosylate), PBV -O Ts =  Poly(butylviologen ditosylate), PH V -O Ts =  
P oly(hexylv io logen  ditosylate).
Table 3.1.3: Elemental analysis of the polyviologens containing mesylate (MsO*) counter­
ions
P V a C a lc u la te d E x p e r im e n ta l
P E V -O M s C a lcu la ted  for  
C i4H i8N 206S 2:
C  4 4 .9 1 % ; H  4 .8 4 % ; N  
7 .4 8 %
F o u n d  1 : C  4 5 .1 8 % ; H  
5 .16% ; N  7 .6 2 %  
F o u n d  2: C  4 5 .5 0 % ; H  
5 .1 1 % ; N  7 .6 9 %
2 6 3 2
P B V -O M s C a lcu la ted  for  
C 16H 22N 20 6S 2:
C  4 7 .7 5 % ; H  5 .5 1 % ; N  
6 .9 6 %
F o u n d  1: C  4 5 .6 3 % ; H  
6 .22% ; N  6 .36%  
F o u n d  2: C  4 5 .3 1 % ; H  
6 .31% ; N  6 .29%
2 9 1 3
P H V -O M s C a lcu la ted  for  
C i8H 26N 20 6S 2:
C  5 0 .2 1 % ; H  6 .09% ; N  
6 .5 1 %
F o u n d  1 : C  4 8 .7 6 % ; H  
6 .84% ; N  6 .22%  
F ou n d  2: C  4 8 .9 5 % ; H  
6 .78% ; N  6 .2 7 %
4 4 2 9
a PV  = polyviologen , PEV -O M s =  Poly(ethylviologen  ditm esylate), PBV -O M s =  Poly(butylviologen  dim esylate), PH V - 
OM s =  P oly(hexylvio logen  dimesylate).
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It can be seen that in a some cases there are slight discrepancies between the calculated and 
experimental results. This could be due to impurities present such as monomers and/or 
residual solvent. However, it is unlikely that these discrepancies are due to the presence of 
monomers due to the nature of the polymerisation reaction in which only the polymer 
precipitates out of the reaction solvent. Additionally, all the polymers were dried thoroughly 
to remove any residual solvent, and as will be shown, 'H N M R  spectroscopy of the 
polyviologens shows no presence of acetonitrile. One other possibility for the results shown 
in table 3.1.1, is that the polymers are dipyridyl or dibromo-, ditosyl-, dimesyl- endcapped, or 
one pyridyl and one ‘anion’ end cap. These M„ values shown in tables 3.1.1 - 3.1.3 were 
obtained by ‘fitting’ the degree of polymerisation (n) to the elemental analysis values obtained 
experimentally. The reported M n values correspond to the best fit.
3.1.2: UV/Vis Spectroscopy
Figures 3.1.1 and 3.1.2 show UV/Vis spectra for PXV-Br in the oxidised and reduced forms 
respectively, which were typical for all the main chain polyviologens.
As shown in both figures, Xmax can be observed at around 318 nm which is characteristic of 
the dipryridyl ring structure. The viologen structure in dibenzyl viologen has been cited in the 
literature to absorb at ca. 261 nm and 260 nm for PXV-Br4 and propyl viologen at 283 nm in 
water5. The polyviologens discussed in this study all show a small absoiption at ca. 260 nm 
as well as the peak at 300 nm. It is thought that there is a shift from 260 to 300nm in our 
polymers caused by interactions between the polymer chains and/or using concentrations of 
10"3 M. Sato and Tamamura6 found that at very low concentrations (10~5 - 10"6 M) 
intermolecular interactions can be ignored, but at higher concentrations these interactions can 
be present.
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Upon reduction of the polyviologen by the addition of sodium dithionite (see Chapter 1, 
scheme 1.1.1), two new peaks arise at 361 and 540 nm. These absorption peaks are indicative 
of the presence of the viologen cation radical. Additionally, there is a shift of the original 
peak at 318 nm to 305 nm, when the polyviologen is reduced. Upon re-oxidation, the UV/Vis 
spectrum obtained is that of the original polymer.
Figure 3.1.1: UV/Vis spectrum of poly(xylylviologen dibromide), PXV-Br
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Figure 3.1.2: UV/Vis spectrum  of reduced po!y(xylylviologen dibrom ide), PXV-Br
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3.1.3: Infra-Red (IR) Spectroscopy
Typical IR spectra for the polyviologens containing bromide, tosylate or mesylate counterions 
are shown in figures 3.1.3 - 3.1.5. Tables 3.1.4 - 3.1.6 gives details of the IR data for these 
materials. The symbols m, s and vs in tables 3.1.4 - 3.1.6 correspond to medium, strong and 
very strong, respectively. The IR spectra obtained were consistent with the ionene structure 
formation, with absorption maxima at ca. 1640 cm ' 1 and 1160 - 1195 cm ' 1 corresponding to 
the viologen structure.
3:7
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Figure 3.1.3: IR  spectrum  of poly(xylylviologen dibromide), PXV-Br
Wavenumber (cm-1)
Figure 3.1.4: IR spectrum of poly(ethyiviologen tosylate), PEV-OTs
Wavenumber (cm-1)
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Figure3.1.5: IR  spectrum  of poly(butylviologen distosylate), PBV-OTs
Wavenumber (on-1)
Table 3.1.4: IR data for the polyviologens containing bromide (Br ) counter-ions
P V A b s o r p t io n  M a x im a  ( c m 1) C o r r e s p o n d in g  F u n c t io n a l i t y
P X V -B r 2 9 8 1  (m ed )
1 6 3 5  (v s)
1545  (m e d ) , 1 5 0 0  (m ed ), 1 4 4 5  (s )  
1 4 2 7  ( s )  and 1 3 5 1  (m ed )
1 1 5 7  (s)
H etero  A rH  stretch  
C = N  stretch  
C -C  sk e le ta l stretch  
-C H 2- d e fo rm a tio n  
C -N + stretch
I P B V -B r 2 9 9 2  (m ed )
1 6 4 0  (v s )
1411  ( s )  and 1351  (m ed )  
1 1 8 2  (s )
H etero  A rH  stretch  
C = N  stretch  
-C H 2- d efo rm a tio n  
C -N + stretch
P E V -B r 2 9 9 3  (m ed )
1 6 4 0  (v s)
1 445  ( s )  and 1 3 5 7  (m ed )  
1 1 7 6  (s )
H etero  A rH  stretch  
C = N  stretch  
-C H 2- d efo rm a tio n  
C -N + stretch
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Table 3.1.5: IR  da ta  for the polyviologens containing tosylate (TsO ) counter-ions
P V A b s o r p t io n  M a x im a  (c m '1) C o r r e s p o n d in g  F u n c t io n a l i ty
P E V -O T s 1 6 4 3  (v s)
1 4 9 5  (m ed ) and 1 5 9 8  (m ed )  
1 1 2 4  (s )  and  1341  (s )  
1 1 9 2  (s )
C = N  stretch  
C -C  sk e le ta l stretch  1 
- S = 0 -  stretch  
C -N + stretch
P B V -O T s 1 639  (v s)
1 4 9 7  (m e d ) and 1 5 9 9  (m ed )  
1 1 2 2  (s )  and 1 3 5 9  (s )  
1 1 9 2  (s )
C = N  stretch  
C -C  sk e le ta l stretch  
- S = 0 -  stretch  
C -h P  stretch
P H V -O T s 1 6 4 0  (v s)
1 4 9 5  (m e d ) and 1 5 9 7  (m ed )  
1 1 2 5  (s)  and 1 3 3 9  (s )  
1 1 9 5  (s)
C = N  stretch  
C -C  sk e le ta l stretch  
- S = 0 -  stretch  
C -N + stretch
Table 3.1.6: IR data for the polyviologens containing mesylate (MsO‘) counter-ions
P V A b s o r p t io n  M a x im a  (c m '1) C o r r e p s o n d in g  F u n c t io n a l i ty
P E V -O M s 1 6 3 9  (v s) C = N
1 1 2 0  (s )  and 1 3 4 0  (s ) - S = 0 -
1 1 8 8  (s) C -N +
P B V -O M s 1 6 3 9  (v s) C = N
1 1 2 4  (s )  and 1 3 4 3  (s) -s=o-
1 1 9 0  (s) C -h P
P H V -O M s 1 6 4 3  (v s) C = N
1 121  (s) and 135 1  (s) -s=o-
118 1  (s ) C -NP
3.1.4: Proton (]H) Nuclear Magnetic Resonance (NMR) Spectroscopy
Typical ^  N M R  spectra for the polyviologens containing bromide, tosylate or mesylate 
counter-ions are shown in figures 3.1.6 - 3.1.8. Tables 3.1.7 - 3.1.9 provide details on the 
N M R  data for these materials. The symbols dd, m, q and t in tables 3.1.7 - 3.1.9 correspond to 
doublet of doublet, multiplet, quartet and triplet, respectively. The proton N M R  spectra were 
consistent with the ionene structure formation.
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Figure 3.1.6: NMR spectrum  of poiy(xyIyIvioIogen dibromide), PXV-Br
Figure 3.1.7: AH NMR spectrum of poly(ethylviologen ditosylate), PEV-OTs
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P V C h e m ic a l  S h if t ,  8  (p p m ) C o r r e s p o n d in g  F u n c t io n a l i ty
P X V -B r 4 .7 a +N -C H 2-
7 . 6 - 9 . 1 t', 9 H , A rH
8.5  - 9 .2 q, 8H , H etero  A rH
P B V -B r 4 .7 a 7N -C H 2-
7 .7  - 9 .4 m , 8H , H etero  A rH
P E V -B r 4 .7 a JSf-CHa-
8.1  - 9 . 5 m , 8H , H etero  A rH
a partially m asked by the D 20  refem ce peak
Table 3.1.8: Proton NMR data for polyviologens containing tosylate (TsO”) counter-ions
P V C h e m ic a l  S h if t ,  8  ( p p m )a C o r r e s p o n d in g  F u n c t io n a l i ty
P E V -O T s 4 .7 6 +N -C H 2-
7 .1  - 7 . 6 dd, 8H , A rH
8.5  - 9 .2 m , 8H , H etero  A rH
P B V -O T s 4 .7 2 +N -C H 2-
7 . 2 - 7 . 9 dd , 8 H , A rH
8 . 6 - 9 . 3 dd , 8 H , H etero  A rH
P H V -O T s 4 .8 5 +N -C H r
7.1  - 7 . 6 dd, 8 H , A rH
8 .4  - 9 .3 m , 8H , H etero  A rH
a In C D jO D
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Table 3.1.9: Proton NMR data for polyviologens containing mesylate (MsO") counter­
ions
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P V C h e m ic a l  S h if t ,  8  (p p m )a C o r r e s p o n d in g  F u n c t io n a l i ty
P E V -O M s 4 .7 5 +n - c h 2-
8 .5  - 9 .2 111, 8H , H etero  A rH
P B V -O M s 4 .7 5 +n - c h 2-
8 . 6 - 9 . 3 m , 8H , H etero  A rH
P H V -O M s 4 .7 9 +N -C H 2-
8 .4  - 9 .3 dd, 8H , H etero  A rH
a In C D 3OD
3.2: Pendantly attached polyviologens
This section details the characterisation of viologen-containing polymers in which the 
viologen moiety is pendantly attached to a polymer backbone (see Chapter 2, section 2.2.2). 
IR spectroscopy and elemental analysis were the techniques used for the characterisation of 
these polymers.
Owing to the monomers used, little information on the structure of the viologen-containing 
copolymers could be obtained. However, all displayed absorptions at ca. 1640 and 1170 cm"1, 
indicative of the viologen structure. Additionally, for the copolymers containing various 
molar ratios of MMA ,  a strong absorption at ca. 1730 cm"1 was also observed, which is 
attributed to the ester group of M M A  units.
Table 3.2.1 details the elemental analyses for the copolymers synthesised using method 1 as 
described in chapter 2, section 2.2.2. As can be seen there are large discrepancies between the 
calculated and the measured results. It is thought that this may be due to a number of reasons 
e.g. unreacted monomer (VBBV) present (hence the high nitrogen content observed), or that 
the feed ratios have not been maintained due to the lower reactivity of one of the monomers. 
If unreacted monomer is the cause for these results then better purification of the copolymers
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is needed. Therefore, it was decided to find a suitable solvent, i.e. one in which either the 
monomers or the copolymer is soluble but not both. After solubility tests it was found that hot 
dimethylformamide (DMF) was a reasonably good solvent for the resulting copolymers, but 
V B B V  was insoluble. Hence for further polymerisations D M F  was used in order to purify the 
copolymers, and this method is denoted method 2 (Chapter 2, section 2.2.2).
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Table 3.2.1: Elemental analyses of copolymers of VBBV and styrene
F O U N D , %
C o p o ly m e r C H N
p o I y (S ty r e n e -c o - 6 4 .6 5 , 6 3 .8 3 5 .8 9 , 5 .7 4 5 .6 2 ,  5 .5 6
Y B B V )  (1 :5 ) (8 2 .9 1 ) (1 1 .4 9 ) (2 .9 3 )
C 66H ,n 9N 2C l2
p o ly (S t y r e n e - c o - 7 5 .7 7 ,  7 5 .8 7 6 .3 8 , 6 .4 1 3 .5 6 , 3 .5 4
Y B B V )  (1 :1 0 ) (8 6 .9 1 ) (7 .7 8 ) (1 .9 0 )
C io « H n 4 N 2Cl2
p o ly  (S  ty  r  e n e -c o - 6 6 .3 6 , 6 6 .3 2 5 .4 8 , 5 .4 6 5 .5 7 ,  5 .4 6
V B B V )  (1 :2 0 ) (8 8 .7 1 ) (8 .1 6 ) (1 .1 1 )
C 1S6H 204N 2C I2
Figures in parentheses indicate values calculated from m onomers used
From table 3.2.2 it can be seen that with method 2 the elemental analyses for styrene-VBBV 
copolymers again show large discrepancies between the calculated and measured results. 
Since it is known that both styrene and V B B V  polymerise independently under similar 
conditions to those used here7’8, and styrene and vinyl benzyl chloride have been 
copolymerised successfully by Arshady et al.9’10, it may be concluded that the synthetic 
methods are probably not to blame for the poor copolymerisation behaviour of V B B V  with 
styrene. Table 3.2.2 also details the elemental analyses for copolymers of V B B V  and MM A .  
Although slight discrepancies were observed, these results are promising especially for 
copolymers where the ratio of M M A  to V B B V  was large (> 20:1). However, although 
comparisons can be made between M M A - V B B V  and styrene-VBBV copolymers, it should be 
noted that for the M M A - V B B V  copolymers longer polymerisation times and higher 
polymerisation temperatures were used (see chapter 2, table 2.2.3).
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It was also noticed that with an increasing feed ratio of M M A  to V B B V  the yield of 
copolymer obtained also increased. This was also found by Nambu et al.11 for vinyl- 
containing viologen monomers (diperchlorate counterions) with MMA .  No reason was given 
by Nambu et al}1 for this observation although it can be hypothesised that the viologen unit 
itself may be interfering with the polymerisation process either by free radical means, i.e. 
chain transfer or due to steric reasons. Both would have a negative effect on the yield and the 
actual composition of the resulting copolymer in the case of relatively high amounts of V B B V  
in the feed ratio. Additionally, it can also be seen from scheme 1.1.3 that the viologen cation 
radical can reduce azo (-N=N-) compounds. Since AIBN contains this functionality it may be 
possible that the azo group is reduced causing a decrease in the amount of initiator, which 
may also decrease the yield obtained.
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Table 3.2.2: Elemental analyses for styrene-VBBV and MMA-VBBV copolymers
F O U N D , %
C o p o ly m e r C H N
p o ly (S t y r e n e - c o - 6 8 .2 9 , 6 7 .4 2 5 .8 2 , 5 .7 7 6 .1 1 ,5 .7 3
V B B V )  (5 :1 ) ( 8 2 .9 1 ) (1 1 .4 9 ) (2 .9 3 )
C 66H 109N 2C I2
p o ly (S t y r e n e - c o - 7 3 .3 9 ,  7 3 .4 9 6 .2 7 , 6 .2 4 3 .5 2 ,  3 .3 3
V B B V )  (1 0 :1 ) (8 6 .9 1 ) (7 .7 8 ) (1 .9 0 )
C 106H 114N 2C I2
p o ly (S t y r e n e - c o - 5 9 .8 0 ,  5 9 .9 8 5 .7 0 ,  5 .6 6 5 .4 6 ,  5 .4 3
V B B V )  (1 0 :1 ) (8 6 .9 1 ) (7 .7 8 ) (1 .9 0 )
C 106H 114N 2C I2
p o ly (M M A -c o -V B B V ) 5 7 .44, 5 7 .4 2 5 .4 6 , 5 .4 7 4 .7 3 ,  4 .7 6
(1 0 :1 ) (6 3 .5 4 ) (7 .3 0 ) (1 .9 5 )
C 7fiH 1«4N2C l2 0 2o
p o ly (M M A -c o -V B B V ) 6 0 .8 6 , 6 0 .8 4 7 .5 7 , 7 .5 7 1 .5 1 , 1 .5 0
(2 0 :1 ) (6 2 .0 8 ) (7 .6 1 ) (1 .1 5 )
C 126H 184N 2C I2O 40
p o ly (M M A -c o -V B B V ) 5 9 .8 8 ,  5 9 .9 1 8 .0 1 , 8 .0 2 0 .6 7 , 0 .6 6
(5 0 :1 ) (6 0 .9 2 ) (7 .8 5 ) (0 .5 1 )
C 276H 424N 2C I2O 100
p o ly (M M A -c o -V B B V ) 5 9 .7 4 ,  5 9 .7 4 8 .2 9 , 8 .3 0 0 .3 6 , 0 .3 6
(1 0 0 :1 ) (6 0 .4 7 ) (7 .9 5 ) (0 .3 0 )
C 52SH824N 2C I2O 200
Figures in parentheses indicate values calculated from  m onom ers used
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The observations outlined above and the work done by others12'13 lead to the following 
hypothesis which may describe why the copolymerisation behaviour observed here and 
elsewhere differs so markedly depending on the comonomer used in conjunction with the 
vinyl-containing viologen monomer. This hypothesis depends on the reactivity ratios of the 
monomers used and the Q  - e scheme. Monomer reactivity ratios permit determination of 
copolymer compositions by using a combination of steric, resonance and polar effects, and the 
Q  - e scheme provides a semi-empirical approximation of these effects for individual 
monomers. For a more detailed discussion the following references are suggested (14 -17).
For vinyl-containing viologen monomers little work has been done on their copolymerisation 
behaviour with other monomers. For example, copolymers have been synthesised with 
comonomers such as acrylamide8’12’18, A,A-dimethylacrylamide5’12, 2-hydroxyethyl acrylate12, 
methyl methacrylate11 and acrylonitrile11. All of these copolymers were synthesised by free 
radical solution polymerisation methods. The copolymers were obtained in relatively good 
yield and molecular weight. However, Kamogawa et al}2 found that the copolymerisation of 
viologen monomers with A-vinylpyrrolidinone (VP) did not proceed smoothly and gave low 
conversions. Additionally, a brown to purple colour developed during the polymerisation 
stage and the resulting polymers, when purified, no longer indicated photochromism, i.e. the 
viologen unit had been converted to an inert structure. This was thought to be due to the 
spontaneous generation of cation radicals in the absence of air in VP and their conversion to 
inert compounds by light. One of the polymers was even found to generate cation radicals 
spontaneously at room temperature or below. This problem was overcome by forming the 
copolymer backbone first followed by grafting of viologen units onto this backbone.
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Duling and Price13 studied the coplymerisation of styrene with A-vinylpyridinium perchlorate. 
Although the pyridinium compound is not completely analogous to the vioiogen monomers 
discussed here, there is enough similarity to include it in this discussion. It was found that the 
pyridinium compound acts as an inhibitor for the styrene polymerisation at low 
concentrations. It had been expected that the salt, being highly electron deficient in the vinyl 
group, would copolymerise readily with the electron rich styrene monomer. However, the 
opposite effect was observed and in fact the salt was found to copolymerise most readily with 
positive e-value monomers, such as acrylamide (e = 1.30).
From the above discussion it can be proposed that the success obtained with M M A  and not 
with styrene may be due to e values. M M A  has a positive e value of 0.40 compared to a 
negative value for styrene (e = -0.80). For these two monomers the copolymerisation 
behaviour may be a result of this effect.
3.3: M o n o m e r  characterisation
This section details the characterisation of the monomers synthesised and used in the synthesis 
of viologen-containing polymers outlined in the previous sections.
1,2-Ethane ditosylate
Elemental analysis: Calculated for C 16H 18O 6S2; C 51.88%, H  4.90%. Found 1; C 51.73%, H  
4.93%. Found 2; C 51.69%, H  4.92%.
IR (KBr disc) vmax: 1177 and 1351 cm ' 1 (s, -S02-0-); 1495 and 1598 cm ' 1 (s, C-C skeletal).
:H  N M R  (CDCI3) 5: 2.44ppm (s, 6H, C H 3); 4.2 ppm (s, 4H, C H 2); 7.2 - 8.0 ppm (dd, 8H, 
ArH).
Melting point (uncorrected): 125 - 126°C (lit.19 126°C).
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1,2-Ethane dimesylate
Elemental analysis: Calculated for C4H 10O 6S2; C 22.01%, H  4.62%. Found 1; C 22.15%, H  
4.59%. Found 2; C 22.09%, H  5.57%.
IR (KBr disc) vmax: 1172 and 1353 cm ' 1 (s, -SO2-O-).
*H N M R  (CDCI3) 5: 2.39 ppm (s, 6H, C H 3); 4.2 ppm (s, 4H, C H 2).
Melting point (uncorrected): 44 - 45°C (lit. 20 44 - 45°C).
1.4-Butane ditosylate
Elemental analysis: Calculated for C 18H 22O 6S2; C 54.25% H5.56%. Found 1; C 54.30% H  
5.66%. Found 2; C 54.19% H  5.65%.
IR (KBr disc) vmax: 1175 and 1362 cm ' 1 (s, -S02-0-); 1495 and 1598 cm"1 (med, C-C 
skeletal).
‘H  N M R  (CDCI3) 8: 1.64 ppm (s, 4H, C H 2); 2.40 ppm (s, 6H, C H 3); 4.0 ppm (s. 4H, C H 2); 
7.2 - 8.0 ppm (dd, 8H, ArH).
Melting point (uncorrected): 68 - 69°C (lit. 21 67.5 - 69.5°C).
1.4-Butane dimesylate
Elemental analysis: Calculated for C6H 14O 6S2; C 29.26%, H  5.73%. Found 1; C 29.48%, H  
5.63%. Found 2; C 29.52%, H  5.61%.
IR (KBr disc) vmax: 1177 and 135.6 cm ' 1 (s, -SO2-O-).
!H  N M R  (CDCI3) 6: 1.60 ppm (s, 4H, C H 2); 2.40 ppm (s, 6H, C H 3); 4.05 ppm (s, 4H, C H 2). 
Melting point (uncorrected): 114 - 116°C (lit. 22 116°C).
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1.6-Hexane ditosylate
Elemental analysis: Calculated for C 20H 26O 6S2; C 56.31% H  6.14%. Found 1; C 56.32% H  
6.29%. Found 2; C 56.74% H  6.30%.
IR (ICBr disc) vmax: 1189 and 1352 cm'1 (s, -SO2-O-); 1491 and 1598 cm"1 (med, C-C 
skeletal).
‘H  N M R  (CDCI3) 8: 1.52 ppm (m, 8H, C H 2); 2.40 ppm (s, 6H, C H 3); 3.97 ppm (t, 4H, C H 2); 
7.5 - 8.2 ppm (dd, 8H, ArH).
Melting point (uncorrected): 70 - 72°C (lit. 23 71 - 72°C)
1.6-Hexane dimesylate
Elemental analysis: Calculated for CsHisOgSz; C 35.02%, H  6.61%. Found 1; C 34.87%, H  
6.78%. Found 2; C 34.75%, H  6.84%.
IR (KBr disc) vraiK: 1181 and 1352 cm ' 1 (s, -S02-0-).
“H  N M R  (CDC13) 8: 1.48 ppm (m, 8H, C H 2); 2.41 ppm (s, 6H, C H 3); 4.01 ppm (t, 4H, C H 2). 
Melting point (uncorrected): 56 - 58°C (lit. 20 57 - 58°C).
N-4-Benzylviologen
Elemental analysis: Calculated for C 17H 15N 2CI; C 72.21%, H  5.35%, N  9.91%. Found 1; C 
71.78%, H  5.21%, N  9.74%. Found 2; C 72.09%, H  5.24%, N  9.80%.
IR (ICBr disc) vllwx: 1162 cm ' 1 (s, C-N+); 1635 cm ' 1 (s, C=N).
'H N M R  (D20) 8: 6.1 ppm (s, 2H, C H 2); 7.6 - 9.2 ppm (m, 8H, ArH).
Melting point (uncorrected): > 300°C.
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N-vinylbenzyl-N’-benzyl-4,4’-bipyridinium dichloride (VBBV)
Elemental analysis: Calculated for C26H 24N 2CI2; C 71.72%, H  5.52%, N  6.44%. Found 1; C 
71.61%, H  5.45%, N  6.35%. Found 2; C 71.68%, H  5.64%, N  6.35%.
IR (KBr disc) vmax: 1162 cm"1 (s, C-N+); 1602, 1496 and 1446 cm"1 (v, C-C skeletal); 1635 
cm"1 (s, C=N).
]H  N M R  (D20) 8: 5.52 ppm (d, 1H, C H 2=CH); 6.0 ppm (d, 1H, C H 2=CH); 6.33 ppm (d, 4H, 
C H 2); 7.06 ppm (q, 1H, C H 2=CH); 7.7 - 8.1 (m, 9H, ArH); 8.5 - 9.5 (q, 8H, Hetero ArH). 
Melting point (uncorrected): > 300°C.
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4.1. Introduction
The thermal characteristics of several of the polyviologens and their hybrids have been studied 
using thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). T G A  is 
a technique that can be used to measure the changes in the mass of a sample when heated or 
held at a particular temperature1. T G A  can be used to measure evaporation, sublimation, 
decomposition, oxidation, reduction, and adsorption and desorption of gas1’2. In DSC both the 
sample and a reference material (in this case aluminium oxide) are put on a metal plate 
connected to a furnace which is a heat sink, and the temperature difference of the sample and 
reference material is measured as a function of temperature. Since the difference in heat 
flowing from the heat sink into the sample and reference material is proportional to the 
temperature difference of the sample and reference, the heat flow (in mW) is indirectly 
obtained by measuring the temperature difference. DSC allows measurement of heats of 
fusion, identification of crystalline and liquid crystalline phases, degrees of crystallinity etc., 
ageing and blend compatabilities (from glass transition measurements), cure and degradation 
studies1’2.
4.2. Differential Scanning Calorimetry (DSC)
The DSC results are illustrated by the case of PEV-Br and PHV-OTs and their corresponding 
silica hybrids (Figs. 4.2.1 - 4.2.5). The DSC traces are sometimes complex and difficult to 
interpret. From previous studies3 it has been found and suggested that PVs such as PEV-Br 
and PBV-Br (and possibly PXV-Br) decompose before melting. This is attributed to the ‘salt­
like’ behaviour of the quaternary nitrogens and the lipophilic character of the short spacer 
group. Paleos et al3. studied the organisational characteristics of viologen oligomers using
4:1
DSC, X-ray powder diffraction and electron microscopy. The oligomers studied had spacer 
groups where the number of methylenic units were 4, 10 or 12 (degree of polymerisation of 3 - 
4). They found that for short methylenic units (i.e. 4), crystalline behaviour was observed. 
For 10 and 12 methylenic units the degree of crystallinity was found to decrease due to the 
longer spacer contributing to less efficient packing of the oligomers. Therefore, for PEV-Br 
and PBV-Br it might be expected that there would be some degree of crystallinity.
PEV-Br showed an endothermic peak at 84°C and an exothermic peak at 196°C. The apparent 
occurrence of a broad endothermic hump prior to the 84°C peak may be due to the loss of 
water from the hydrated charged polymer4. The endothermic peak at 84°C would be 
consistent with loss of solvent, or condensation volatiles, but is also in a position which agrees 
with a liquid crystalline transition reported for some PVs in the recent literature4-6. As in the 
case of crystallinity described above3, reports of mesophase behaviour have mostly considered 
cases where the number of methylene spacer groups is large, for example > 6. Liquid 
crystallinity was claimed to be favoured by bulky counter-ions such as tosylate, but not by the 
presence of halide ions. Liquid crystalline behaviour would not therefore be expected in the 
case of PEV-Br. The high temperature exothermic transition may be indicative of 
crystallisation. Interestingly, no transitions are observed on the cooling cycle, or on a repeat 
heating and cooling ran (Figs. 4.2.1 and 4.2.2). If the PEV-Br has indeed crystallised during 
the first ran, this might be expected as the crystalline melting point is likely to be quite high 
and above the maximum temperature of the DSC run. This would be consistent with literature 
reports of the behaviour of such vioiogen polymers3,4. One explanation for the behaviour 
observed for PEV-Br is that the solid precipitated from the reaction is amorphous, or of 
relatively low crystallinity, and is therefore able to display liquid crystalline behaviour, but 
that this is lost on subsequent crystallisation. DSC results for PBV-Br show an endothenn at
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90°C, which is attributed to either loss of residual solvent or to a liquid crystalline transition, 
and another endothenn at 295°C attributed to decomposition. The DSC trace for PXV-Br was 
more complicated, showing a number of endothermic transitions. Again, these endothermic 
transitions may be an indication of thermotropic liquid crystalline behaviour. The complexity 
of the DSC data makes characterisation difficult. However, similar traces were observed by 
Paleos et al.3 for the 10 and 12 methylenic unit oligomers, where the increased spacer length 
causes a decrease in the degree of crystallinity.
As mentioned previously, liquid crystalline behaviour in polyviologens is said to be favoured 
in the presence of bulky counterions such as tosylate5’6. The DSC trace for PHV-OTs (Fig. 
4.2.3) exhibited two endothermic transitions; one at 93°C and one at 154°C. For a similar PV 
containing 10 methylene units, Bhowmik and Han5,6 also observed a transition at ca. 90°C and 
attributed this to a crystal - LC phase transition. The DSC trace for PBV-OTs displayed only 
one endothermic transition (54°C) which is either due to residual solvent or a LC phase. For 
both PHV-OTs and PBV-OTs no transitions were observed on cooling and on a second 
heating and cooling run.
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Figure 4.2.1: DSC of PEV-Br: First heating and cooling run
Temperature (°C)
Figure 4.2.2: DSC of PEV-Br: Second heating and cooling run
Temperature (“C)
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Figure 4.2.3: DSC of PHV-OTs: First heating and cooling run
Temperature (°C)
The DSC traces for the PEV-Br/silica hybrid (Fig. 4.2.4) and the PHV-OTs/silica hybrids 
(Fig. 4.2.5) are typical of the curves obtained for the sol-gel hybrids. The only transition 
observed in every case is a broad endotherm at around 100°C. This is still present, although 
reduced, in a repeat ran. It is believed that this endotherm is due to loss of residual solvent or 
condensation volatiles from incomplete silica formation. The endotherm completely masks 
any liquid crystalline phase transition endotherm which might be present in the system. In 
these systems, there is also no evidence for the existence of a high temperature crystallisation 
exotherm. This may be absent because (a) the previous thermal treatment (drying) of the 
hybrid has already induced crystallisation, forming high melting point crystallites, or (b) 
crystallisation of the vioiogen is prevented within the sterically constrained silica network. 
No additional information was found when the polymers and hybrid materials were analysed 
by modulated DSC (M-DSC), courtesy of Thermal Analysis Instruments (TAI).
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Figure 4.2.4: DSC of PEV-Br/silica hybrid (expt. no. 9) for sequential heating cycles
Temperature (°C)
Figure 4.2.5: DSC of PHV-OTs/silica hybrids (expt. nos. 36, 39 and 40)
Temperature (°C)
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Unfortunately, owing to time constraints, the DSC analysis of PEV-OTs, PEV-OMs, PBV- 
OMs and PHV-OMs and their corresponding sol-gel hybrids could not be performed. 
However, it is thought that similar traces would be obtained with the possibility of these PVs 
exhibiting LC behaviour.
4.3. Thermal Gravimetiic Analysis (TGA)
Although the PVs have been known for a long time, there have been relatively few reports of 
their thermal analysis. Typical T G A  traces for PXV-Br, PEV-Br and PEV-Br and their silica 
hybrids are shown, respectively, in figs. 4.3.1 and 4.3.2. Table 4.3.1 shows the weight loss 
results for the PVs. Bearing in mind that these results are not necessarily relevant to 
isothermal ageing, it can be seen that these PVs exhibit reasonable thermal stability. The 
T G A  traces are as expected, with no unusual features. Again, owing to time constraints, full 
T G A  analysis of all the PVs and the hybrid systems could not be performed.
The T G A  traces of the sol-gel hybrids (Fig. 4.3.2) all show a typical three-stage 
decomposition profile, with initial weight loss at 100°C or less. This can be attributed to loss 
of residual solvent from the hybrid system, or to elimination of water or alcohol resulting from 
incomplete hydrolysis reactions. The second and third weight losses with onset temperatures 
in the region of ca. 230°C are attributed to the decomposition of the polymer. Some residue 
remains up to 490°C (the maximum temperature for this instrument with aluminium pans).
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Figure 4.3.1: TGA of PXV-Br, PBV-Br and PEV-Br
Temperature (°C)
T G A  has been used to observe the decomposition of the organic component of sol-gel hybrids 
leaving only pure silica7. Hence, the actual proportion of organic and inorganic components 
can be calculated and compared to the predicted percentages. The results of these calculations 
are tabulated in table 4.3.2. Since the PVs are not totally decomposed at the maximum 
temperature used in the TGA, the weight of PV residue has been taken into account in the 
calculation. A  further calculation of percentage PV was undertaken by taking account of the 
incomplete condensation of the silica. The weight loss from a sol-gel silica prepared in the 
same way as the hybrids was used in this calculation. The PV contents determined by this 
T G A  method are broadly in line with those calculated from the stoichiometry of the starting 
materials, although the agreement is much better in some cases than in others. It can also be 
seen from the results that the attempts to increase the PV content in the hybrids by evaporating 
the water from the original PV aqueous solution were largely successful.
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Table 4.3.1: Weight loss on heating polyviologens (TGA)
P o ly m e r T e m p . (1 0 %  
w e ig h t  lo s s )  (°C )
W e ig h t  lo s s  a t  4 9 0 ° C
(% )
P X V -B r 2 8 3 8 0
P B V -B r 2 9 5 86
P E V -B r 2 6 9 85
Figure 4.3.2: TGA of PV/silica hybrids from experiments 1, 9 and 20
Time (min)
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Table 4.3.2: Theoretical and calculated (TGA) polyviologen content of hybrids
E x p t . N o a. H y b r id T h e r o r e t ic a l  P V  
c o n te n tb (% )
%  P V  fr o m  T G A  
( ig n o r in g  S i 0 2) c
%  P V  f r o m  T G A  ( ta k in g  
a c c o u n t  o f  S i 0 2) d
1 P X V -B r / S i 0 2 8 17.1 1 0 .9
9 P E V -B r / S i 0 2 21 1 7 .6 1 1 .4
2 0 P B V -B r / S i 0 2 10 1 5 .7 9 .4
21 P B V -B r / S i 0 2 9 1 7 .8 1 1 .6
2 P X V -B r / S i 0 2 8 1 5 .0 8 .6
3 P X V -B r / S i 0 2 3 4 4 1 .5 3 7 .1
10 P E V - B r /S i0 2 2 0 2 5 .3 1 9 .7
4 P X V -B r / S i 0 2 4 0 4 9 .4 4 5 .6
a S e e  C h ap ter  2 , T a b le s  2 .3 .1 , 2 .3 .2  and 2 .3 .5 .  
b A s su m in g  c o m p le te  h y d r o ly sis  and co n d en sa tio n  to  S i 0 2.
c T a k in g  a c c o u n t o f  org a n ic  resid ue: at 4 9 0 °C , 20%  P X V -B r  rem ain s, 15%  P E V -B r  rem ain s, 14%  P B V -B r
rem ain s.
d W e ig h t  lo s s  o f  S i 0 2 (fro m  T E O S ) w a s fo u n d  to  b e  7 .5% .
The T G A  thermogram for the product of the experiment in which a drying control chemical 
additive (DMF) was used, shows four major weight losses compared to the usual three. 
Again, the first weight loss can be attributed to residual solvent, and the third and fourth 
weight losses to the decomposition of the PV. The second weight loss is attributed to the loss 
of D M F  (boiling point 153°C) at an onset temperature of ca. 150°C.
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5.1. Small Angle X-ray Scattering (SAXS)
The concept of fractal geometry is used to describe the structure of a number of silica-PV sol- 
gel hybrids using the technique of small angle X-ray scattering (SAXS).
Background
SAXS utilises X-rays as an incident light beam which impinges on a sample, and the angular 
dependence of the scattered intensity is measured (in this study the angle range was calculated 
to be 0.14° - 4.24°). The source of the X-rays may be a conventional X-ray tube, a rotating 
anode, or a synchrotron. The beam is made monochromatic with filters and slits or by 
diffraction from a crystal with suitable reflection planes. Detection commonly involves a 
scintillation counter. Figure 5.1.1 below shows a schematic diagram of a small-angle 
scattering instrument1. The angle shown in the figure has been exaggerated for clarity.
Figure 5.1.1: Schematic Diagram of a Small-Angle Scattering Instrument
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The SAXS technique is an excellent tool for probing the formation of nanostructures. For 
example, SAXS has been used to investigate the growth and topology of macromolecular 
networks that precede gelation, the aggregation of colloids and the structures of porous gels 
and aerogels2’3. Additionally, the technique has been used to study the structural features of 
sol-gel derived glasses and hybrids2’4’5.
Scattering experiments measure structure in reciprocal space6. At a given scattering angle 0, 
one measures the amplitude of a certain spatial Fourier component of the density, the spatial 
frequency or scattering vector being,
q = 47tsin(0/2)/ X (5.1)
where X- is the incident wavelength (1.54A). At large q one probes short wavelength 
fluctuations and at small q long wavelength fluctuations are probed. Typically, the intensity, 
I, is plotted against the scattering vector, q, to give what is known as a scattering profile.
Fractal Geometry
Fractal objects differ from conventional crystalline systems in that they have dilation 
symmetry as opposed to translational or rotational symmetry6. Dilation symmetry means that 
if a portion of the object is magnified, the resulting magnified structure looks identical to the 
original structure.
A  fractal dimension can be defined as the ratio of the volume of space influenced by the object 
to its mass or to its surface area (for fractally rough surfaces). There are two types of fractal 
structures; mass and surface. Mass fractals have the property that the mass M  varies as a 
power of the characteristic length or size, i.e. M  (length)D 5 where D  is the fractal 
dimension. Since mass fractal dimensions are always less than the dimension of space in 
which the fractal exists, this implies that the mass of the particulate increases less rapidly than 
the volume it occupies. Mass fractals can be pictured as having open, polymeric, low-density
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structures. Conversely, surface fractals have the property that the surface area S varies as a 
non-integer of length, ie. S (length)^, where D s is the surface fractal dimension.
In qualitative terms, mass and surface fractals can be distinguished by visual observation. 
Mass fractals have a density less than space, so therefore they will have holes on all length 
scales, up to the size of the object itself. For this reason mass fractals are "all surface" and the 
surface fractal dimension is equal to the mass fractal dimension. Objects that are not mass 
fractals display surface fractal or non-fractal behaviour. Such objects may be porous and the 
object is uniform on length scales larger than the largest hole. It is the external surface (or 
hull) that is fractal and exhibits roughness on the scale of the object itself. Figures 5.1.2 and 
5.1.3 show mass and surface fractals respectively.
Figure 5.1.2: Object displaying surface fractal behaviour
i
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Figure 5.1.3: Object displaying mass fractal behaviour
SAXS profiles provide information on any systematic fluctuations in the average electron 
density of a scattering source when the scale length over which such fluctuations occur is ca. 5 
-100 nm4. For both types of fractals, these fluctuations have a power-law correlation function 
which causes the scattering curve to also obey a power law. When such a curve is plotted log- 
log a straight line is obtained and it is the slope of this line that provides the fractal nature of 
the object. This log-log plot is known as a Porod plot, and for mass fractals the Porod slope, 
P, is related to D  as P = -D. Since the incident beam used in this study was of a point 
geometry then for mass fractals -1 < P < -3. Surface fractals are characterised by a Porod 
slope, P = D s - 6. Again for a point source, for surface fractals -3 < P < -4.
5.2: Results and Discussion
Initially three heat treated sol-gel systems were studied corresponding to expt. nos. 21, 55 and 
60 (as detailed in Chapter 2). Sample 21 contained 8 %  PBV-Br, 60 contained 20 %  
PDVBV, and 55 was a non-hybrid synthesised from TEOS to provide a comparison with 
samples 21 and 60.
Concentration fluctuations in hybrids (films) have been found to be dependent upon the 
compatibility of the polymeric and inorganic components which in turn influences the nature
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of growth of the inorganic phase4. In terms of our research, the polyviologen-containing 
hybrids synthesised to date have been found to be transparent to the naked eye. Although this 
transparency is an indication of a lack of microphase separation, it is not known whether there 
is nanophase separation. This latter phase separation can be observed using SAXS.
Figure 5.2.1 shows the SAXS profiles for the three sol-gel samples. The data are plotted in 
terms of intensity (I) against q. As can be seen, all three samples show a single first-order 
interference peak at ca. 0.003A'1. This peak can be attributed to the short range periodicity of 
the silicate-rich regions and is an indication of the existence of a nanophase-separated 
morphology5. Also, from this peak the interdomain spacing can be estimated by taking the 
inverse of the magnitude of q. Hence, for the PBV-Br and PDVBV containing hybrids this 
spacing was estimated to be ca. 300A, whereas for the SiC>2 sample it was found to be ca. 
250A. The difference in the interdomain spacings for the hybrids and SiC>2 can be attributed 
to the fact that the organic polyviologens are of a sufficient size to cause larger spacings 
between the inorganic particles.
Also from fig. 5.2.1 it can be seen that the SAXS profile for the PBV-Br hybrid shows a 
gradual decrease in intensity at higher q values in contrast to the other two samples. The SiC>2 
SAXS profile shows a slightly sharper decrease in intensity beyond the interference peak. 
Betrabet and Wilkes5 observed similar results in their study of PTMO/TEOS hybrids. They 
used a microstructural model to explain their findings. Without going into too much detail 
about this model, it is thought that this gradual decrease in intensity observed for PBV may be 
due to fluctuations in electron density caused mainly by variation in silicon oxide 
concentration in the matrix and within the silicon oxide domains themselves. Since the SAXS 
profile for Si02 shows a sharper interference peak of lower intensity, and very low intensity 
at higher q values, this suggests that the silicon oxide domains are more densified (or at least 
more uniform over the smaller length scale) then when compared with the hybrids.
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Figures 5.2.2, 5.2.3 and 5.2.4 show the SAXS profiles for the three sol-gels replotted on a log- 
log scale. This Porod plot can often give an indication of the fractal nature of the silicate 
domains, specifically if the system displays a mass or surface fractal behaviour1’5. The linear 
slope of this plot (Porod slope) provides this fractal information. Mass and surface fractal 
information can only be obtained if the slope of the intensity vs q curve in the Porod region is 
linear over at least a decade on the log q axis5. Schaefer et al? have shown that both types of 
fractal structures (mass and surface) are possible for silicate sol-gel materials. For example, it 
was found that acid-catalysed systems displayed mass fractal behaviour, whereas base- 
catalysed systems displayed surface fractal behaviour (due to being more colloidal).
Returning to Figure 5.2.4 the PDVBV hybrid exhibits two distinct slopes with a change in 
slope occurring at ca. 0.15A"1. A  similar result was observed by Betrabet et al? for one of 
their hybrids. However, unlike their study no correction had to be made since the source was 
point collimated and not slit smeared. Therefore, an average value of the two slopes can be 
taken. As mentioned previously, the Porod slope provides fractal information. Hence, for the 
P DVBV hybrid the slope was found to be -1.85 (average value) suggesting mass fractal 
behaviour since this value lies within the range given above. Indeed using the formula (P = - 
D ) above, the mass fractal dimension, D , is found to be 1.85. The Si02 sample (Figure
5.2.2) has a slope of -2.53 which again lies within the mass fractal range, and the sample has a 
mass fractal dimension of 2.53. However, for the PBV-Br hybrid the Porod slope was found 
to be -3.2 (Figure 5.2.3), and lies within the surface fractal range given previously. This 
hybrid was calculated to have a surface fractal dimension D s, of 2.8 (using the formula P = D s 
- 6). This last result is surprising since it would be expected that both the sol-gel hybrids 
studied would have similar fractal dimensions. The value obtained for Si02 compares 
favourably with values obtained by van Santen et al? in their study of aggregation and ageing 
of silica gels, and also with the work performed by Schaefer and Keefer6, where mass fractals 
were observed for acid-catalysed systems. It is highly unusual for an acid-catalysed sol-gel 
system to display surface fractal behaviour.
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Figure 5.2.1: SAXS profiles for S i0 2, PBV-Br/Si02 and PDVBV/Si02
Figure 5.2.2: Fractal geometry (log I versus log q) of S i02 from TEOS
q (i/A)
i
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Figure 5.2.3: Fractal geometry (log I versus log q) of the hybrid PBV-Br/Si02
q (1 /A )
Figure 5.2.4: Fractal geometry (log I versus log q) of the hybrid PDVBV/Si02
0.01 0.1 1
q (1/A)
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The results obtained above for the heat-treated sol-gel systems prompted the study of structure 
development in silica-PV sol-gel hybrids. It is hypothesised that electrostatic interactions 
between the polyviologen N + and silanol groups, Si-OH, and/or lyotropic liquid crystalline 
behaviour of the polyviologens may be affecting the growth of the inorganic network. It was 
therefore decided to investigate how the structure of the silica network developed around the 
point of gelation (1-2 hours after gelation) in these hybrid systems, since at this stage the 3-D 
network of siloxane bonds would be partially formed, but a relatively large number of silanol 
groups would still be present. Table 5.2.1 shows the five sol-gel systems studied, and their 
corresponding expt. nos. (as detailed in Chapter 2) in parentheses.
Table 5.2.1: Sol-gel systems synthesised with calculated Porod slopes (P)
Sample (Expt. 
No.)
PV
incorporated
Alkoxide
precursor
H20 : Alkoxide, 
r
Weight
% PVa
P
1(57) None TEOS 12.5 0 -1.5C
2 (37b) PHV-OTs TMO S 5.0 34 -1.83d
3(1) PXV-Br TEOS 11.9 8 -0.5 d
4 (3b) PXV-Br TEOS 15.4 34 -2.15d
5(55) None TM O S 5.0 0 -0.9 d
a e s tim a te d  v a lu e  i f  c o m p le te  h y d r o ly s is  and  c o n d en sa tio n  o f  th e  a lk o x id e  precu rsor o ccu rs . 
b sy n th e s is e d  fro m  ly o tro p ic  p o ly v io lo g e n  so lu tio n s .
0 P  ca lcu la ted  fro m  q  ran g e  0 .0 5  - 0 .2 .  
d P  c a lc u la te d  fro m  q ran ge 0 .0 6  - 0 .2 .
The SAXS data were again obtained in the form of scattering profiles, which when plotted on
a log-log scale, gave Porod (see Fig. 5.2.5 and Table 5.2.1). It should be noted that due to
back-scattering, interdomain spacings could not be estimated, although this back-scattering 
would not affect the Porod plots.
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Figure 5.2.5: Porod plots for five sol-gel systems studied 1 -2  hours after gelation
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q (1/A)
To briefly recap, the heat-treated systems mentioned previously gave Porod slopes of -3.2 for 
the hybrid system (PBV-Br/silica) and -2.53 for the non-hybrid system. By using these values 
as a baseline and assuming that the fractal geometry develops in a consistent way, it can be 
seen that samples 2 (P = -1.83) and 4 (P = -2.15), which both display mass fractal behaviour 1 
- 2 hours after gelation, are on the way to displaying surface fractal behaviour. The slope of 
sample 4 is greater than its silica reference (P = - 1.5), and over four times greater than sample 
3 ( p = -0.5). The slope of sample 2 was also found to be twice that of its silica reference ( P 
= -0.9). It should be noted that the slopes for samples 3 and 5 are inconsistent with 
mass/surface fractal behaviour, although it is assumed that these systems would display mass 
fractal geometry upon ageing. The differences described above indicate that samples 2 and 4 
have more dense and less branched structures when compared with the other samples studied. 
Therefore, the presence, structure and the concentration of polyviologen in the hybrid systems, 
and also the possibility of electrostatic interactions between N + and Si-OH groups, the 
presence of lyotropic LC phases of the polyviologens, and the formation of the silica network 
inducing mesophases in the polyviologens, could all have an effect on the growth of the 
inorganic network.
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W A X S  was performed on the five sol-gel samples detailed in table 5.2.1, 1-2 hours after 
gelation. No ordering or crystallisation was observed for the W A X S  scattering profiles of the 
gels (not shown here). Some degree of ordering was expected for the hybrid systems 
containing polyviologen in a lyotropic LC phase (samples 2 and 4 in table 5.2.1). As will be 
discussed in chapter 6, this lack of ordering was also observed by Coudurier et al7 when 
studying pure silica zeolites (Si-ZSM-5). The absence of crystallites at this time in the 
hybrids containing polyviologen may be because the crystallites are too small to be detected 
by WAXS. Additionally, Paleos et al? have shown that oligomeric viologens containing 
bromide counter-ions display crystallinity, the degree of which was found to be dependent on 
the number of methylene units.
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5.3: Wide Angle X-ray Scattering (WAXS or XRD)
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6.1. F T I R  and R a m a n  Spectroscopies
Infrared spectroscopy has been used alone and with other techniques (e.g., NMR, Raman 
spectroscopies) to identify specific oligomeric species in solution and to follow the evolution 
of the inorganic framework1'11. Because of selection rules, asymmetric vibrations are infrared 
allowed, and therefore the IR spectra of silica gels complement Raman spectra. Hence, IR 
spectroscopy provides molecular-scale information about the xerogel framework. There are 
many examples of the use of IR spectroscopy in the field of sol-gel chemistry1'11, however, 
since we are concerned with structural evolution the following examples of its use concentrate 
on this area.
Schraml1 used IR to observe the degree of cross-linking of silica networks from the frequency 
of the v(Si-O-Si) skeletal vibration, and Bertoluzza et al2 assigned framework vibrations on 
the basis of the structure and vibrational spectra of conventional vitreous (amorphous) silica 
(v-SiC>2). Robertson and Mauritz8 also used IR spectroscopy to compare the differences in the 
nanostructures of two nanocomposites containing perfluorosulfonate and perfluorocarboxylate 
ionomer membranes. The two nanocomposites could be distinguished by the amount of 
splitting of the Si-O-Si asymmetric stretching peak located at 1000 - 1100 cm'1. Only the 
sulfonate ionomer nanocomposite displayed this splitting, and the two separate peaks 
observed due to this splitting enabled differentiation between cyclic and linear components of 
the inorganic network. The fact that only one of the ionomers caused this effect allowed 
Robertson and Mauritz8 to conclude that the growth of the silica phase was not the same in the 
two nanocomposites. Additionally, Landry et al. used IR spectroscopy to provide evidence 
for the presence of hydrogen-bonding between the carbonyl groups present in methacrylate
6:1
polymers with silanol groups present in the inorganic network in PMMA/silica sol-gel 
materials. Evidence of hydrogen-bonding was ascertained by the shift of the carbonyl 
wavenumber (from 1733 cm ' 1 to 1710 cm'1). In contrast, Raman spectroscopy showed little 
information on the presence of hydrogen-bonding, but did provide useful information on the 
extent of the TEOS reaction. Chujo et al.13 also used IR spectroscopy to observe the presence 
of hydrogen-bonding in their poly(oxazoline) - silica hybrid materials.
As will be discussed later, IR spectroscopy has also proved useful in studying the structure of 
zeolites, since it is well known that the structures of zeolites are dependent on the type and 
structure of the structure directing agent used (see Chapter 1).
6.1.1: Results and Discussion
Table 6.1.1 outlines the characteristic absorption bands associated with silica sol-gel 
materials. Figures 6.1.1 - 6.1.4 show the FTIR spectra of two sol-gel solutions at the point of 
gelation and after thermal treatment and ageing of the gel. One of these gels contained the 
polyviologen, PHV-OTs in a lyotropic liquid crystalline phase and corresponds to expt. no. 37 
as detailed in Chapter 2.
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Table 6.1.1: Characteristic infrared absorption bands of alkoxy-derived silica
G r o u p A b s o r p t io n  B a n d C o m m e n ts
S i-O -S i 1 2 2 0 , 1 0 8 0  c m '1 A sy m m e tr ic  L O  (lo n g itu d in a l o p tic s )  (v ery  stron g) and T O  
(tra n sv erse  o p tic s)  S i-O -S i stre tch in g  v ib ra tio n  (broad  
sh o u ld er )1
8 0 0  c m '1 S y m m etr ic  S i-O -S i stretch in g  or v ib ra tion  m o d e  o f  S i 0 4
tetrahedra1 ■
5 5 0  c m '1 S y m m etr ic  S i-O -S i stretch in g  or v ib ra tio n  m o d e  o f  4 - fo ld  
s ilo x a n e  r in g  stru ctu res4
4 5 0  c m 1 S y m m etr ic  S i-O -S i b en d in g  v ib ra tio n 1’4
S i-O H 9 6 0  c m '1 S i-O H  stretch in g  v ib ra tio n 1
Figure 6.1.1: IR spectrum of silica - PHV-OTs (34% PHV-OTs) one hour after gelation, 
(Expt. no. 37)
Wavenumber (cm'1)
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Figure 6.1.2: IR spectrum of silica - PHV-OTs (34% PHV-OTs) after gelation and heat 
treatment (24 hours/80°C), (Expt. no. 37)
Chapter 6: Spectioscopic Analysis
VVn v e il umber (cm'1)
Figure 6.1.3: IR spectrum of silica (from TMOS) one hour after gelation, (Expt. no. 56)
VVavcnumber (cm 1)
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Figure 6.1.4: IR spectrum of silica (from TMOS) after gelation and heat treatment (24 
hours/80°C), (Expt. no. 56)
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In all the gels studied the IR spectra show three absorption bands at around 1085 (with a 
shoulder at 1200 cm’1), 800 and 465 cm'1, which are characteristic of silicon oxides. The 
bands at 1085 and 800 cm’1 correspond to asymmetric and symmetric Si-O stretching motions, 
and the absorption band at 450 cm’1 corresponds to a bending Si-O-Si mode1. These bands 
are also observed in fused silica4. Also, two additional absorption bands have been observed 
in alkoxy-derived silica gels; one at around 960 cm ' 1 assigned to Si-OH bonds and the other 
between 550 - 600 cm'1, which is speculatively attributed to ‘defect’ structure, and assigned 
(tentatively) to the 4-fold siloxane ring structure4.
The main differences between the gels at gelation and after heat treatment is the observed 
absorption bands corresponding to organic compounds (2800-3000 cm ' 1 and 1400-1500 cm'1). 
It can be seen that these bands are absent from fig. 6.1.2. since the heat treatment has caused
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more complete hydrolysis and condensation. Although in fig. 6.1.4 which shows the IR 
spectrum for a silica/PHV-OTs hybrid, there are absorption bands in the 1400 - 1500 cm'1, it 
can be concluded that these arise from the polyviologen. Additionally, another difference 
between the gels at gelation and after heat treatment is the decrease in intensity in the spectral 
range 3000 - 3800 cm'1. This range corresponds to O-H stretching vibrations, including those 
of water. As well as the absoiption band at ca. 1640 cm ' 1 (assigned to the bending mode of 
water molecules), these bands have been shown to be temperature dependent with the relative 
concentration of O H  groups decreasing with increasing temperature and the extent of the sol- 
gel reaction2. Finally, upon heat treatment, the band at 960 cm ' 1 decreases in intensity (Fig.
6.1.2) as the number of silanol groups decreases, and there is a broadening of the absorption 
band at 1080 cm'1, as the silica network formation nears completion.
For the hybrid systems containing polyviologens, a small shoulder can be observed at ca. 1140 
cm'1, which can be attributed to the C-N+ group present in the polyviologens. The hybrid 
materials containing less than 20 %  polyviologen in the final materials displayed IR spectra 
similar to those obtained for gels containing no added polyviologen.
Additionally, for the hybrid systems containing e.g. 34 %  PHV-OTs (expt. no. 37, Chapt. 2), 
37 %  PBV-OTs (expt. no. 31, Chapt. 2) and 34 %  PXV-Br (expt. no. 3, Chapt. 2) there is also 
a peak at ca. 690 cm ' 1 which is not associated with the inorganic network in comparison with 
the corresponding silica references. It therefore seems likely that the source of this peak is 
from the polyviologen source (see Chapter 3), although it is interesting that this peak is only 
observed in these hybrid systems (all lyotropic solutions and higher concentrations of added 
polyviologen). Figure 6.1.5 highlights the differences between silica/PHV-OTs and its
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reference silica (from TMOS) after gelation at room temperature followed by 24 hours at 
80°C.
As well as the absence of the peak at 690 cm ' 1 in the reference silica spectrum, also of interest 
is the difference in the peak at ca. 550cm"1. This peak is attributed to the deformation 
vibration of Si-O and is assigned to the presence of double rings of tetrahedra in the 
framework4 (see Fig. 6.1.6). This weak peak was only observed in hybrids containing high 
concentrations of polyviologen and/or when the sol-gel material was synthesised using a 
lyotropic solution of the polyviologen. In non-lyotropic systems and gels containing no or low 
concentrations of polyviologen this peak appeared as a shoulder.
This peak has also been observed in high alkali silicate glasses and also in crystalline 
metasilicates, in which the peak was assigned to the vibration of Si-O" bonds4. In acid- 
catalysed alkoxy-derived gels, Yoshimo et al.4 concluded that the 550 - 600 cm ' 1 peak was 
attributable to the siloxane backbone. There are many cyclic siloxanes and silicate minerals 
whose spectra have a small peak at 550 - 600 cm'1, but Yoshimo et al. deduced that this peak 
can be attributed to the presence of 4-fold siloxane rings, and that the 4-fold ring structure 
formed in the early stages of hydrolysis and condensation is retained in the final sol-gel 
glasses4. In fact, attributing these bands to external vibration modes of chainlets of tetrahedra 
allows one to explain their presence in many silicates and in all zeolites4’15.
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Figure 6.1.5: FTIR spectra of silica/PHV-OTs and silica (TMOS) after 24 hrs/80°C
Wavenumber (cm'1)
Figure 6.1.6: Structure of silica tetrahedra and double rings of tetrahedra
As can be seen in fig. 6.1.5 for the hybrid system the absoiption band at 550 cm ’1 is both 
stronger and sharper compared to the reference silica. This was also found to be true for other 
hybrids containing high concentrations of polyviologen and those synthesised from lyotropic
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solutions of polyviologen. This difference was not observed for the other hybrid systems and 
it may be hypothesised that the concentration of the polyviologen and/or the use of lyotropic 
polyviologen solutions may be “directing” the growth of the silica network.
For confirmation that the observed peak at 550 cm"1 was from the inorganic component and 
not from contributions from the polyviologen, subtractions were performed on the spectra. 
This involved the removal of the polyviologen spectrum, thereby leaving a spectrum showing 
only the IR modes of the silica network. Fig. 6.1.7 shows a typical IR subtraction spectrum 
for a silica/PXV-Br hybrid.
Figure 6.1.7: IR spectrum of silica - PXV-Br (50% PXV-Br), (Expt. no. 7), after
subtraction of the PXV-Br
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It was discussed in the previous chapter (section 5.3) that the hybrids did not show any 
evidence of crystallinity or ordering when analysed by WAXS. However, work done by
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Coudurier et al14 indicates that this does not mean that the systems are not ordered. 
Coudurier et al}4 employed infrared spectroscopy in identifying Z S M  zeolite structures, with 
different particle sizes. It was found that the presence of a band at ca. 550 cm"1 in addition to 
the one at 450 cm ' 1 showed that ZSM-type crystallites may have been formed, even if X-ray 
diffraction shows nothing. The reasoning behind this was that the zeolite crystallites were too 
small to be observed by XRD. Additionally, they concluded that the absence of the 550 cm ' 1 
band ultimately shows that such a zeolite has not been formed. From their investigation on 
the mechanism of structure direction in zeolites, Burkett and Davis15 found that the absorption 
band at ca. 550 cm ' 1 was only observed for Si-ZSM-5 after heating at 120°C for 20 days, and 
for Si-ZSM-48 (where hexamethyldiamine was used instead of tetrapropylammonium) after 
10 days. Additionally, crystallisation was only observed after 5 days at 150°C.
These findings are of importance to this study, due to the fact that the zeolites studied were 
synthesised using tetraalkylammonium structure directing agents, and that the polyviologens 
may also be acting in a way analogous to these compounds (see Chapter 1). It should be 
noted, however, that even though framework vibrational spectra contain much information 
about the structural characteristics of, for example, zeolites and silicates, IR spectroscopy 
cannot take the place of X R D  to determine the structure.
Raman spectroscopy provided little additional information about these silica/polyviologen sol- 
gel hybrid materials. Any peaks associated with the silica network were swamped by the 
polyviologen, and the attempted subtraction of the polyviologen made no difference.
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6.2. *H N M R  Spectroscopy
As for ER. and Raman spectroscopies, N M R  spectroscopy has also been used to obtain 
information on the extent of the sol-gel reaction and to obtain kinetic information17. It was 
hypothesised that possible evidence for hydrophobic hydration occuring in the silica- 
polyviologen sol-gel hybrids, could be obtained using this technique. Such information would 
provide additional evidence that the polyviologens have such an effect as to cause structure 
direction of the growing silica network.
Figure 6.2.1 shows the *H N M R  spectrum for a typical acid-catalysed sol-gel solution. 
Figures 6.2.2 - 6.2.4 show the movement of the chemical shift (8) assigned to water for a 
variety of sol-gel solutions. It is this movement of the water resonance to a higher chemical 
shift (ppm) that suggests that the addition of polyviologen has an effect on the sol-gel reaction 
during the initial stages of hydrolysis and condensation.
Figure 6.2.1: XH NMR spectrum of silica - PBV-OTs (Expt. no. 32) after five minutes
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The resonance at around 5.1 - 6.1 ppm is assigned to CH 3OH, Si-OH and H 2O, and since in all 
cases an excess of water was used (r > 2) it is assumed that this resonance is predominantly 
from the water. The resonances at 3.6 - 3.7 ppm, 3.47 ppm and 2.1 ppm, are assigned to 
H 3COSi, H 3C O H  and C H 3COOH, respectively.
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Figure 6.2.2: Displacement of the water chemical shift for non-hybrid systems
Time (min)
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Figure 6.2.3: Displacement of the water chemical shift for hybrids containing PEV-OTs 
and PEV-Br
Time (min)
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Figure 6.2.4: Displacement of the water chemical shift for hybrids containing PBV-OTs 
and PHV-OTs
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As can be seen from the figures the addition of polyviologen causes an increase in the starting 
point for the water resonance, reaching as high as 6.12 ppm for the solution containing 50 %  
PEV-OTs (Fig. 6.2.3) when compared to the non-hybrid systems (Fig. 6.2.1). Additionally, in 
most cases there is a gradual decrease of the chemical shift with time. The hybrids containing 
PEV-OTs displayed the greatest shifts and it is interesting to note that even the 1% and 10% 
samples showed large displacements of the water resonance. In fact from these results it 
seems that the number of methylene units present in the polyviologen backbone may also have 
an effect on the growth of the network, since as one moves from 2 to 4 to 6 methylene units 
the water peak displacement decreases. This can be attributed to the effect of changing the N + 
concentration. It is thought that the initial shift in the water resonance to higher ppm is caused 
by the effect of hydrophobic hydration, although there appears to be no relevant references to 
support this theory.
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7.1: Introduction
The aim of this chapter is to give a brief introduction to the field of liquid crystallinity and the 
results obtained for polyviologen solutions observed under a polarising light microscope. The 
lyotropic liquid crystalline (LC) behaviour of the polyviologens is of particular interest since it 
may be possible to use the LC polyviologens as templates for the silica network during the 
sol-gel reaction. This will be discussed more fully in Chapter 9.
LC phases may occur both in small organic molecules and polymers between an isotropic 
liquid phase and a solid or glassy phase. In LC phases the molecules or polymers display long 
range orientational and/or positional order in either one or more directions. In contrast, in the 
liquid phase, only very short range orientational and positional order are displayed. In terms 
of structure, LC phases lie between a crystal and a liquid phase, leading to the use of the term 
‘mesophase5. Additionally, since the properties of LC phases are a function of direction, these 
phases are also known as anisotropic phases. The commonly known mesophases are nematic, 
smectic and cholesteric1'3.
There are three classifications in which LC polymers can be grouped depending on the LC 
phases of the polymer: lyotropic, thermotropic, and amphotropic. Lyotropic liquid crystals 
form under the influence of solvent, thermotropic liquid crystals form in the melt (heat- 
induced), and amphotropic liquid crystals can exhibit LC phases in both the melt and in 
solution.
Depending on the location of the LC-forming units (mesogenic groups) and hence the 
chemical architecture of the LC polymers, a further classification can be made. This
7:1
classification is also made up of three distinct groups: main-chain, side-chain, combined 
main-chain, and side-chain. Typically, the mesogenic groups are rod- or disc-like in shape, 
and it is these shapes that result in anisotropy. In'this study only main-chain polyviologens are 
of interest, and the following discussion reflects this.
Main-chain thermotropic polymers1 '3 include polyesters, copolyesters (with amides, 
anhydrides, carbonates and imides), polyethers and polyurethanes. Main-chain lyotropic 
polymers1 ’ 3 include wholly aromatic polyamides and poly(y-benzyl-L-glutamate). For main- 
chain amphotropic polymers1’2, usually a thermotropic polymer is subjected to chemical 
modification in order to dissolve in a certain solvent above a critical concentration to form a 
lyotropic LC phase. The following modified polymers have been found to display 
amphotropic behaviour2: cellulose, poly (y-benzyl-L-glutamate), polyisocyanates, aromatic 
polyesters, and aromatic polyamides.
Polymers containing the viologen moiety in the main-chain have also been found to be 
amphotropic2’4'7. It is thought that these polymers are able to display amphotropic behaviour 
because of the presence of large hydrophobic tosylate counter-ions which reduces the strong 
ionic interactions thus enabling the formation of LC phases in the melt. Additionally, the 
presence of ionic groups might provide appropriate interactions between polar solvents and 
the polymers2’5'7.
The thermotropic behaviour of viologen salts containing different methylene units and 
counter-ions has been reported2’4’8'9. For example, Yu et al.4 found that the length of the 
methylene units determines the LC phase stability and the number of LC phases formed 
(polymesomorphism). Additionally, although these polymers exhibited thermotropic LC
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phases, the phases were of an undetermined nature, and the phase transition temperatures of 
viologen polymers containing halides as counter-ions were ill-resolved and complex. Similar 
observations were made in this study for polyviologens containing bromide counter-ions (see 
Chapter 4). Yu et al.4 also gave no detailed description of the lyotropic behaviour of their 
polymers, except that they formed birefringent gels at high polymer concentrations (> 85%) in 
water.
Bhowmik and Han2’5'9 have extensively studied the lyotropic and thermotropic behaviour of 
polyviologens with different methylene units (ranging from 2  to 1 2  methylene units) and 
tosylate counter-ions. In terms of lyotropic behaviour they observed lyotropism in both 
methanol2’5’7, ethylene glycol5’7 and poly(ethylene glycol)6 (PEG-200 and PEG-600), with the 
critical concentration for forming a lyotropic LC phase ranging from 21 - 6 8  wt. % in 
methanol (for n = 7 - 1 2 ) , 11-51 wt. % (for n = 7 - 9) in ethylene glycol and 1 and 20 wt. % 
in PEG-200 for n = 8 and 9, respectively, and as little as 1 wt. % for both of these polymers in 
PEG-600.
7.2: Results and Discussion
Table 7.2.1 details the solution properties of polyviologens in water (PXV-Br, PEV-Br and 
PBV-Br) or methanol (PBV-OTs, PHV-OTs and PHV-OMs) at room temperature. Figures 
7 .2 . 1  - 7 .2 .9  show representative photomicrographs of the polyviologens at different 
concentrations in water and methanol.
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Table 7.2.1: Solution properties of polyviologens in water or methanol at room
temperature
P o ly m e r 3 P o ly m e r  c o n c e n t r a t io n  (w t .% ) S o lu t io n  p r o p e r t i e s 0
P X V -B r 0 .5 iso tro p ic
5 .2 b ly o tr o p ic e
1 3 .3  b ly o tr o p ic 6
P E V -B r 0 .7 iso tro p ic
3 . 6 b ly o tr o p ic 6
P B V -B r 2 .3 iso tr o p ic
4 .3  b ly o tr o p ic 6
2 9 .5  b ly o tr o p ic 6
P B V -O T s 3 0 .8 ly o tr o p ic 6
3 6 .8 ly o tr o p ic 6
4 9 .2 ly o tr o p ic 6
5 8 .0 ly o tr o p ic 6
P H V -O T s 9 .3 b ip h a s ic  d
5 5 .6 ly o tr o p ic 6
P H V -O M s 5 0 .2 ly o tr o p ic 6
a PX V -B r = p oly(xylylv io logen  dibromide); PEV-Br =  poly(ethylviologen dibromide); P B V -B r =
poly(butylviologen dibromide); PB V -O T s =  poly(butylviologen ditosylate); PHV -O Ts =  p o ly(hexylvio logen  
ditosylate); PHV -O M s =  poly(hexylvio logen  dimesylate). 
b R em oval o f  water by evaporation to increase polym er concentration (see Chapt. 2, section  2.4).
0 Observed on a polarising light m icroscope between crossed polarisers at room temperature.
d Lyotropic phase coexisting with an isotropic phase. 
c Strong shear birefringence.
Figure 7.2.1: Photomicrograph of PXV-Br in water (5.2 wt. %), magn - x 1000
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Figure 7.2.2: Photomicrograph of PEV-Br in water (0.7 wt. %), magn - x 1000
Figure 7.2.3: Photomicrograph of PEV-Br in water (3.6 wt. %), mag" - x 1000
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Figure 7.2.4: Photomicrograph of PBV-Br in water (29.5 wt. %), magn - x 50
Figure 7.2.5: Photomicrograph of PBV-Br in water (2.3 wt. %), mag" - x 1000
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Figure 7.2.6: Photomicrograph of PBV-Br in water (4.3 wt. %), magn - x 1000
Figure 7.2.7: Photomicrograph of PBV-OTs in methanol (30.8 wt. %), magn - x 250
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Figure 7.2.8: Photomicrograph of PBV-OTs in methanol (49.2 wt. %), mag" - x 250
Figure 7.2.9: Photomicrograph of PHV-OTs in methanol (9.3 wt. %), magn - x 250
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Polarised light microscopy is used in the study of materials in which the refractive index is an 
anisotropic quantity. At the molecular level the linear nature of polymer molecules implies 
that such materials will tend to possess anisotropic optical properties. Therefore, well-ordered 
crystalline regions should be birefringent, whereas the disordered conformations of the 
polymer should confer no optical anisotropy on the system as a whole10.
The formation of the lyotropic LC phase of polymers is quite complex and determined by 
several key requirements1,8’11'12. In general, the polymers should have a rod-like structure 
with an extended chain character to facilitate the alignment of the polymer chain along a 
particular direction. The solubility needs to be sufficiently high to exceed the critical 
concentration at which the formation of a biphasic solution occurs, that is, where a LC phase 
coexists with an isotropic phase. The degree and nature of the interaction between the 
polymer chains themselves and that between the polymer chains and the solvent molecules 
can also provide a major influence on the phase behaviour of a polymer. The solubility and 
chain stiffness of a polymer are themselves affected by the polymer microstructure, molecular 
weight, polymer-polymer and polymer-solvent interactions and temperature.
As can be seen from table 7.2.1, lyotropic phases can be obtained at low concentrations of 
polyviologen using the evaporation technique outlined in Chapter 2. In the case of the 
polyviologens containing bromide counter-ions, the results here contradict those of Yu et a l4. 
As previously mentioned, Yu et al.4 found that viologen polymers containing bromide 
counter-ions form birefringent gels only at high concentrations of polymer in water. Where 
strong birefringence was not observed (table 7.2.1) the actual textures were found to be 
significantly different when compared with the corresponding lyotropic phases (e.g. fig. 
7.2.3). Additionally, figures 7.2.2 and 7.2.9 may also show indication of biphasic structures,
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i.e. a lyotropic phase coexisting with an isotropic phase. These structures are to be expected 
in lyotropic solutions over a range of concentrations1. As can be seen in the figures 
mentioned, ‘spherulites’ of anisotropic material are suspended in an isotropic matrix which 
appears black under cross polars. Biphasic structures have also been observed for 
polyviologens containing tosylate counter-ions by Bhowmik and Han5,7.
Strong shear birefringence was observed for many of the polyviologen solutions indicating the 
presence of liquid crystalline phases. For example, figs. 7.2.4 and 7.2.7 clearly show the 
birefringence obtained for some of these polymers. Additionally, for lyotropic solutions of 
PBV-Br the texture observed is significantly different to the that for lyotropic solutions of 
other polyviologens (figs. 7.2.4 and 7.2.6). Finally, although not all the main-chain 
polyviologens synthesised in this study (e.g. PEV-OTs, PEV-OMs, PBV-OMs) have been 
studied using PLM it is assumed that these will also give lyotropic solutions with the right 
concentration.
Finally, various solutions containing the sol-gel precursors and polyviologens in lyotropic LC 
phases were also studied by PLM (expt. nos. 3, 9 and 44). However, no birefringence was 
observed suggesting that the polyviologen lyotropic LC phase was destroyed by the addition 
of the sol-gel precursors (e.g. TMOS or TEOS, water, solvent and acetic acid). This is 
discussed more fully in Chapter 9.
Chapter 7: Polarised Light Microscopy (PLM)
7:10
References
1 A. M. Donald and A. H. Windle, “Liquid Crystalline Polymers”, Cambridge University 
Press (1992).
2 H. Han and P. K. Bhowmik, TRIPS, 3, 199 (1995).
3 M. P. Stevens, “Polymer Chemistry - An Inroduction”, 2nd Edn., Oxford University 
Press, New York (1990).
4 L. P. Yu and E. T. Samulski, “Oriented Fluids and Liquid Crystals”, Eds., A. C.
Griffin and J. F. Johnson, Vol. 4, Plenum Press, New York (1984).
5 P. K. Bhowmik and H. Han, J. Polym. Sci. Polym. Chem. Ed., 33, 1745 (1995).
6  H. Han and P. K. Bhowmik, ACS Polym. Prepr., 36, 328 (1995).
7 H. Han and P. K. Bhowmik, ACS Polym. Prepr., 36, 330 (1995).
8  P. K. Bhowmik, S. Akhter and H. Han, J. Polym. Sci., Polym. Chem. Ed., 33, 1927 
(1995).
9 P. IC. Bhowmik, W. Xu, and H. Han, J. Polym. Sci., Polym. Chem. Ed., 32, 3205 (1994).
10  A. S. Vaughan, “Polymer Characterisation”, Eds. B. J. Hunt and M. I. James, Chapman 
and Hall, London (1993).
1 1  H. F. Mark, N. M. Bikales, C. G. Overberger, and G. Menges, “Encyclopaedia o f  
Polymer Science and Engineering”, 2nd Edn., Vol. 9, Wiley Interscience, New York 
(1987).
12 G. C. Eastmond, A. Ledwith, S. Russo, and P. Sigwalt, “Comprehensive Polymer 
Science” , Vol. 5, Pergamon Press (1989).
Chapter 7: Polarised Light Microscopy (PLM)
7:11
Chapter 8: Surface Analysis
Chapter 8: Surface Analysis
8.1. Introduction12
Electron microscopy can generally disclose the presence of surface imperfections and pores of 
materials, but irregularities smaller than the resolving power of the microscope will 
unfortunately remain hidden. Additionally, the internal structure of the pores i.e., inner shape 
and dimensions; volume and volume contribution; contribution to surface area, will also 
remain hidden. By employing the method of gas adsoiption (enveloping each particle of a 
sample in an adsorbed film), surface irregularities and pore interiors can be studied even at the 
atomic level. Therefore, gas adsorption is a very powerful method which can provide detailed 
information about the morphology of surfaces. A variety of silica-polyviologen sol-gel 
hybrids have been studied by gas adsorption using nitrogen as the adsorbate.
Generally, adsorption always occurs when a clean solid surface is exposed to a vapour (a gas 
below its critical temperature and, therefore, condensable). The amount of vapour adsorbed 
on a solid surface will invariably depend on the absolute temperature T, the pressure P, and 
the interaction potential E between the vapour (adsorbate) and the surface (adsorbent). 
Usually, the quantity of gas adsorbed is measured at constant temperature and so the following 
equation is obtained:
W = F (P, E) (1)
where W is the weight of gas adsorbed on a unit weight of adsorbent, and F is the force at a 
given value of P and E. A plot of W versus P, at constant T, is referred to as the sorption 
isotherm of a particular vapour-solid interface. All adsorption isotherms would be the same
8:1
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but for the fact that E varies with the properties of the vapour and the solid and also changes i
with the extent of adsorption.
The majority of adsorption isotherms measured on a wide variety of solids and resulting from 
physical adsorption can be grouped into one of five types shown below in fig. 8.1.1. The five 
types of the classification originally proposed by Bmnauer, Deming, Deming, and Teller 
(BDDT) were based upon an extensive literature survey.
Fig u re  8 .1 .1 :  Th e five isotherm  classifications according to B D D T 2
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The five isotherm shapes shown in fig. 8.1.1 each reflects some unique condition. Each of 
these five isotherms and the conditions leading to its occurrence are discussed below.
Type I isotherms are observed when adsorption is limited to at most only a few molecular 
layers. In the case of physical adsorption, this type of isotherm is encountered with 
microporous solids whose pore size does not exceed a few adsorbate molecular diameters. A 
plateau is reached at higher pressures, indicating little or no additional adsorption after the 
micropores have been filled. Therefore, materials that show Type I isotherms have pores that 
are microporous and where the exposed surface resides almost exclusively within the 
micropores.
When adsorption occurs on non-porous materials or powders with pore diameters larger than 
micropores, a Type II isotherm is observed. On completion of the first adsorbed layer, an 
inflection point or knee can be seen.
Type in  isotherms are characterised mainly by heats of adsoiption which are less than the 
adsorbate heat of liquefaction. Therefore, as adsorption proceeds, additional adsorption is 
facilitated due to adsorbate interactions with an adsorbed layer being greater than the 
interactions with the adsorbent surface.
Porous adsorbents containing pores in the radius range of ca. 15 - 1000 A give Type IV 
isotherms. As for Type II isotherms, the knee at low relative pressures generally occurs near 
the completion of the first monolayer. Additionally, in Type IV isotherms the slope increase 
at higher elevated pressures indicates an increased uptake of adsorbate as the pores are being 
filled.
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Type V isotherms are associated with pores in the same range as mentioned for Type IV 
isotherms. Type V isotherms also result from small adsorbate-adsorbent interaction potentials 
similar to Type III isotherms.
8.1.1. BET Theoiy and Surface Area1'2
Brunauer, Emmett and Teller founded the BET theory in 1938 by extending Langmuir’s 
kinetic theory to multilayer adsorption. This theory assumes that where the surface of the 
object is covered with only one layer of adsorbate, an equilibrium exists between that layer 
and the vapour, and where two layers are adsorbed, the upper layer is in equilibrium with the 
vapour, and so on. Owing to this equilibrium being dynamic, the actual location of the 
surface sites covered by one, two or more layers may vary but the number of molecules in 
each layer will remain constant. The effectiveness of the BET theory is that it enables an 
experimental determination of the number of molecules required to form a monolayer despite 
the fact that exactly one monomolecular layer is never actually formed.
The mechanism described above can be expressed mathematically, resulting in what is 
universally known as the BET equation:
1/WKPo/P) - 1] = l/WmC + [C - (l/WmC)]P/P0 (2)
where W is the weight of gas adsorbed, P/P0 is the relative pressure, Wm is the weight of gas 
adsorbed to form a monolayer, and C is the BET constant and is a measure of the adsorptive 
power on a unit surface of a given adsorbent at a given P/PQ. Additionally, W and Wm can be
8:4
replaced by V and Vm which are the volume of gas adsorbed and the volume of gas adsorbed 
to form a monolayer, respectively.
Although the BET theory is an undoubted success, some of the assumptions it is based on are 
not above criticism. However, for relative pressure ranges between 0.05 and 0.35 the BET 
theory is generally valid. Additionally, there are other surface area methods that can be used: 
Harkins and Jura relative method; Harkins and Jura absolute method2 (independent of the 
absorption isotherm and is based entirely upon calorimetric data); permeametry2 (based upon 
the impedance offered to the fluid flow by a packed bed of powder) enables the determination 
of average particle size and external area).
8.1.2. Swface Areas from the BET Equation1-2
Application of the BET equation enables the determination of surface areas by plotting 
1/W[(P0/P) - 1] against P/PQ. A straight line is usually obtained in the range 0.05 < P/P0 < 
0.35. The slope s and the intercept i of a BET plot are
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By using these equations the total surface area (St) can be calculated using the following 
equation
s = C -  l/WmC (3)
i = l/WmC (4)
St = (WmNA)/M (5)
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where N is Avogadro’s number, A = adsorbate cross-sectional area and M = molecular weight 
of the adsorbate. The specific surface area can then be determined by dividing St by the 
sample weight.
• 1*28.1.3. The Kelvin Equation '
The Kelvin equation (or variations thereof) is generally used to determine pore size and pore 
size distributions. This equation relates the equilibrium vapour pressure of a curved surface 
e.g. a liquid in a capillary or pore, to the equilibrium pressure of the same liquid on a plane 
surface. The equation below is a convenient form of the Kelvin equation:
In —  = - E l X cose (6)
Pa rRT
where P is the equilibrium vapour pressure of the liquid contained in a narrow pore of radius r 
and P0 is the equilibrium pressure of the same liquid exhibiting a plane surface. The terms y 
and V are respectively, the surface tension and molar volume of the liquid, and 0 is the contact 
angle with which the liquid meets the pore wall. The terms R and T are the universal gas 
constant and temperature, respectively.
In a pore, condensation occurs at lower pressures than that normally required on an open or 
plane surface. Therefore, as the relative pressure is increased, condensation will occur first in 
pores of smaller radii and will progress into the larger pores until, at a relative pressure of 
unity, condensation will occur on those surfaces where the radius of curvature is essentially
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infinite. Conversely, evaporation will occur progressively out of the pores with decreasing 
radii as the relative pressure is decreased.
8.1.4. Isotherms and Adsorption Hysteresis1'2
Hysteresis which is typical of a type IV isotherm is shown in figure 8 .1.4.1. The curve BCD 
is the route travelled along the adsoiption isotherm as the relative pressure is increased, while 
the curve DFB shows the path followed along the desorption isotherm as the relative pressure 
is decreased. The presence of this hysteresis loop leads to the fact that within this loop there 
are two relative pressure values corresponding to a given quantity adsorbed, with the lower 
value always residing on the desorption isotherm (see Fig. 8 .1.4.1).
Fig u re  8 .1 .4 .1 : Type I V  adsorption and desorption isotherms showing hysteresis2
Chapter 8: Surface Analysis
8:7
There have been a number of theories postulated to explain the phenomenon of hysteresis, e.g. 
the difference between the state of the adsorbate during adsorption and that during desorption. 
However, these theories usually describe a unique condition that leads to hysteresis, and 
therefore there may be no single mechanism which can completely describe the phenomenon.
At relative pressures above 0.3, de Boer has identified five types of hysteresis loop which he 
correlated with various pore shapes. These five types of hysteresis are shown in figure
8.1.4.2.
Fig u re 8 .1.4 .2: de B oer’s five types of hysteresis2
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Type A hysteresis is due primarily to cylindrical pores open at both ends. Slit-shaped pores or 
the space between parallel plates are associated with hysteresis of type B. Type C hysteresis is 
produced by a mixture of tapered or wedge-shaped pores with open ends. Tapered or wedged-
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shaped pores with narrow necks at one or both open ends give hysteresis loops as shown by 
type D. Finally, type E hysteresis results from ‘bottle-neck’ pores.
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8.2. Pore Size Distributions
One of the most common methods for determining pore size distributions is that of Barrett, 
Joyner and Halenda (BJH)1"2. This method involves numerical integration and takes 
advantage of Wheeler’s theory that condensation occurs in pores when a critical relative 
pressure is reached corresponding to the Kelvin radius, ik, where
4.15 /AN /*7\rk= ------------- (A) (7)
log Po / P
This model also assumes that a multilayer of adsorbed film of depth t exists on the pore wall 
when evaporation or condensation occurs which is of the same depth as the adsorbed film on a 
non-porous surface. However, at this stage it should be noted that because of capillary 
condensation in microporous solids, the BET surface area and pore size distributions based on 
the Kelvin equation may be inaccurate3.
The method employed for determining pore size distributions for the silica-polyviologen sol- 
gel hybrids is the modeless method of Brunauer et a l4. This method has been employed since 
the BJH method (amongst others) is based on the assumption that the pores are cylindrical in 
shape. Since type IV hysteresis isotherms were obtained for some of the silica-polyviologen 
sol-gel materials, indicative of ink-bottle shaped pores, then a method was required to 
determine pore size distributions in which comparisons could be made between materials 
irrespective of the pore shape. It should be noted that this method is only modeless in the
8:9
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sense that it assumes no shape for the pores; otherwise it uses the same model as all the other
methods.
where V and S are the pore volume and surface area respectively, regardless of the pore shape. 
For cylinders and parallel plates, rh is one-half of the radius of the cylinder; for a parallel plate 
pore, i'h is half the distance between the plates.
By relating the moles of adsorbate condensed into the pores with the corresponding decrease 
in the pore area, one obtains the following equation:
Where the limits of the integral are ns (number of moles adsorbed at stauration) and nB
and T were given previously for equation (6).
By using eq. 9, and graphical integration of the isotherm between the limits of saturation and
in good agreement with BET measured surfaces. However, for micropores this method was
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Brunauer’s modeless method4 uses pore volume and pore area not as functions of the Kelvin 
radius, but rather as functions of hydraulic radii that he defines as
(8)
(9)
(number of moles adsorbed at the beginning of the hysteresis loop). The definitions for y, R
the hysteresis loop closure, Kiselev4 was able to calculate surface areas for wide pore samples
The modeless method employed here utilises the Kiselev equation for determining the core 
surface area of a group of pores. For example, when P/P0 is lowered from 1.0 to 0.95, a group 
of pores empties by capillary evaporation. The pores do not empty completely; a multilayer of 
adsorbed film still remains on the pore walls. The part of the pore space which is empty is 
called the core. The volume of the core is the volume desorbed between P/Po =1.0 and 0.95.
When eq. 9 is graphically integrated from the number of moles adsorbed at saturation pressure 
to the number of moles adsorbed at P/P0 = 0.95, the surface area of the cores of the first group 
of pores is obtained. The core volume divided by the core surface area gives the hydraulic 
radius of the cores. This is continued for the cores in the regions P/P0 0.95 - 0.90; 0.90 - 0.85; 
0.85 - 0.80, etc., until closure of the hysteresis loop occurs.
When P/Po is lowered from 0.95 to 0.90, the volume desorbed is not the volume of the cores 
in the second group. There is an adsorbed film on the pore walls of the first group at P/Po = 
0.95, and some of this adsorbate desorbs when the relative pressure is lowered to 0.90. This is 
true for all the groups as the relative pressure is lowered, and can be compensated for by 
employing correction terms. For example, if cylindrical correction terms are employed, then 
for the second group of pores (P/Po = 0.95 - 0.90), the term is
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found to be inapplicable, since at the low pressure end of the isotherm only adsorption and not
condensation occurs.
V2c = 10-4[S,(ti - t2)] (10)
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where Si is the core surface area of the first group of pores, ti and t2 are the t-values (the 
statistical thickness obtained by dividing the volume of nitrogen adsorbed as a liquid at a 
given relative pressure, by the BET surface area) corresponding to the relative pressures 0.95 
and 0.90, respectively. For the third group of pores (P/P0 = 0.90 - 0.85), the term is
V3c = lO^ISKt, - 13) - Si(t, - 12) + S2 (t2 - 13)] (11)
where S2 is the core surface area of the second group of pores and t3 is the t-value 
corresponding to P/P0 = 0.85. Corrections are made until the last group of pores has been 
corrected.
The use of correction terms requires the assumption of whether cylindrical or parallel plate 
pores are involved. Hence, the method is now not completely modeless. If the uncorrected 
data are used it has been found that little error is introduced. In this study the uncorrected 
data have been used since they give a fair representation of all core properties of interest, the 
calculations are simple, and most importantly the calculated properties are valid for cores of 
any shape.
The methods discussed above were derived for the desorption branch of the isotherm, but are 
equally applicable to the adsorption branch. However, it should be noted that adsorption and 
desorption isotherms give different pore structure curves for the same adsorbent by this and by 
all other methods.
From the data obtained as outlined above a cumulative pore volume curve can be constructed, 
which is a plot of V(r) vs. r, where V(r) is the volume of all the cores that have hydraulic radii
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r or greater. The pore volume distribution curve is a plot of AV(r)/ Ar vs. r, where AV(r)/ Ar is 
the slope of the cumulative curve between two values of the radii i'i and 12, and r is the average 
radius in this range, i.e. (n + i2)/2 .
As will be discussed later, when there has been evidence of microporosity (from the use of the 
Harkins-Jura equation5, eq. 16), and hence the micropore analysis method6 (see section 8.3) 
has been employed, then to obtain a complete pore size distribution curve, correction terms
4  7and a cylindrical model have been employed according to Brunauer et a l  ’ . Although the 
thickness of the adsorbed layer on the pore walls, t, is known from the t-curve (plot of 
statistical thickness of adsorbed film against P0/P for non-porous adsorbents), the properties of 
a pore cannot be calculated from the properties of the core without assuming a model. If the 
pore is cylindrical and open at both ends, the ratios of the volume, surface area, and hydraulic 
radius of the pore to the core are
Vcp/V c = (2rc + t)2/(2rc)2 (12)
Scp/Sc = (2rc + t)/2rc (13)
I'cp/i'c = (2rc + t)/2rc (14)
where the subscripts cp refer to the cylindrical pore and the subscripts c refer to the core. 
Hence, by using these equations the core properties can be converted to pore properties.
All t-values used in the corrections and core to pore properties conversion are based on the 
Cranston-Inldey composite t-curve and not de Boer’s t-curve1. This is because there are
Chapter 8: Surface Analysis
8:13
It should be noted that although the Brunauer modeless method4 is not completely modeless, 
since correction terms can be employed, the same correction terms can be used for pore 
shapes as diverse as parallel plates and cylinders. When the pore geometry does differ 
substantially from cylinders or parallel plates then the error introduced is small. If the 
uncorrected hydraulic core volumes have been used (as in the case of this study) the method is 
entirely modeless and little accuracy is sacrificed.
8.3. Microporosity
Dubinin1 classified the pore systems of solids into three groups: micropores, with pore widths 
less than about 20A; mesopores, with pore widths between 20 and 1000A; and macropores , 
with pore widths greater than 1000A.
The Micropore Analysis method6 (MP method) used in this study is based on the so-called t- 
curve, which is a plot of the statistical thickness of the adsorbed film against P0/P for non- 
porous adsorbents. The composite t-curves of Cranston and Inkley and the t-curve of de Boer 
have been used in this study1. The reason for the use of two different t-curves will be 
discussed later.
The statistical thickness t, which is the ordinate of the t-curve, is obtained by dividing the 
volume of nitrogen adsorbed as liquid at a given relative pressure, P/P0 by the BET surface 
area:
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doubts about the correctness of the de Boer t-curve above P/P0 = 0.75, which is a vitally
important region in the analysis of mesopores .
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If Vi is expressed in millilitres and Sbet in m2g'\ t in the equation above is obtained in 
Angstroms (A).
According to equation 15, any adsorption isotherm for a non-porous solid can be converted 
into a straight-line plot. For any point on the isotherm, the volume (or weight) of gas (in this 
case nitrogen) adsorbed can be converted to Vi, the t value for the corresponding relative 
pressure is read from the t-curve and Vi is plotted against t. Therefore the Vi - t plot for a non- 
porous solid should yield a straight line from the origin, through the entire multilayer 
adsorption range. However, for porous solids, a straight line is only usually obtained in the 
low-pressure region.
The slope of the straight line in the Vi - 1 plot gives the surface area of the adsorbent, and is 
designated St. Although St and SBet should be equal this is rarely the case, and can depend on 
the t-curve employed6.
Composite t-curves are based on adsorbents which have approximately the same heats of 
adsorption but differing porosities. Therefore, an adsorbent M, which has significantly higher 
differential heats of adsorption then adsorbent N, will adsorb a greater amount at a given P/P0 
than for N. This therefore means that the t-curve of M will be higher than that of N. This can 
be observed by comparing the t-curve of Cranston and Inkley with that of de Boer, where the 
former t-curve at P/PQ less than 0.75 is higher1.
t = 10 4Vi/Sbet (15)
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If the adsorbent M has lower heats of adsorption than the adsorbents on which the t-curve 
used is based, then St will be erroneously high, with the slope of the straight line being too 
steep. It is therefore necessary in the analysis of micropore structure that a correct t-curve be 
employed. Therefore, for adsorbents with C values (heats of adsorption) greater than 130, the 
t-curve of Cranston and Inkley is used, and for C values less than 130, the t-curve of de Boer 
is employed6,
St cannot be better than Sbet as a measure of the total surface area of an adsorbent. At best St 
is as good as Sbet i.e. equal to Sbet- If St is close to SBet, it may be concluded that the t-curve 
on which the analysis is based is reliable for the given adsorbent. Not only does St provide 
information on the reliability of the t-curve used, St is also used as the starting point for the 
calculations required in the MP analysis method6.
The MP analysis method6 has been used to obtain micropore size distributions only for those 
materials in which microporosity was observed when the Harkins Jura equation5 (Eq. 16) was 
used to determine t-values.
t = 3.54 [5/(2.303 x log P0/P) ] 1/3 (16)
The volume adsorbed data are plotted against the calculated film thickness. These “t-plot” 
data are then used to calculate the Y-intercept value which when converted from a gas volume 
to a liquid volume gives the micropore volume5. The slope of the linear' section is used to 
calculate the meso-/macropore surface area5.
VolumemjCropore = (0.001547)(t-plot intercept) cm3g"! (17)
Chapter 8: Surface Analysis
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Surface AreameSoPore = 1547(t-plot slope) m2g' 1 (18)
Surface Areamicr0p0re = Surface AreaBET - Surface AreameSopore m2g' 1 (19)
The Coulter 3100™ instrument provided the isotherm data, BET surface areas, BET constants 
(C values), total pore volumes, micropore volumes and surface areas (Eqs. 17 - 19). Using 
Eqs. 8 - 1 4  and the t-curves of Cranston and Inkley or de Boer, the pore size analysis of the 
silica-polyviologen sol-gel hybrids were determined manually.
8.4: Results and Discussion
The surface areas and pore-size distributions were investigated for a variety of silica- 
polyviologen samples. The surface analysis results for these materials are shown in tables 
8.4.1 to 8.4.5. A number of the sol-gel samples were calcined at 650°C for 24 hours and their 
surface analysis results are shown in table 8.4.6. The superscripts a - g in tables 8.4.1 - 8.4.6 
are explained at the end of table 8.4.6.
Table 8.4.1: Surface analysis of silica from TMOS with varying r values
E xp t.
N o .a
PV  (% )b B E T  Surface  
A rea, m 2g'1
C V alue T ota l P ore  
V olum e(V p)c,
cmV
P o ro sity ^ )'1
(% )
A verage P ore  
D iam eter, D e (A)
57 0 (r=2) 702.37 435.54 0.3494 43 17.9(8.9 8)
59 0 (r=30) 690.42 242.26 0.3531 44 18.4 (9.2 g)
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Table 8.4.2: Surface analysis of silica - PBV-Br sol-gel hybrids
E xp t.
N o .a
P V  (% )b B E T  Surface  
A rea, m 2g‘1
C V alue T otal Pore  
V olum e(V p)c,
3 -1cm  g
Porosity(<j>)d
(% )
A verage P ore  
D iam eter, D e (A)
25 PBV-Br (1) 564.68 319.20 0.2942 39 18.7 (9.3 s)
26 PBV-Br (10) 473.54 76.17 0.2826 38 21.5 (10.7s)
27r PBV-Br (20) 1.021 39.97 0.0015 0.3 52.9 (26.4 s)
Table 8.4.3: Surface analysis of silica - PBV-OTs sol-gel hybrid
E xp t. 
N o .a
PV  (% )b B E T  Surface  
A rea, n^ g'1
C V alu e T ota l Pore  
V olum e(V p)c,
3 -1cm  g
Porosity(<j>)d
(% )
A verage P ore  
D iam eter, D° (A)
30f PBV-OTs (30) 0.406 24.52 0.0027 1 239.4 (119.7 s)
Table 8.4.4: Surface analysis of silica - PXV-Br sol-gel hybrids
E xp t.
N o .a
PV  (% )b B E T  Surface  
A rea, m 2g_1
C  V alue T otal Pore  
V olum e(V p)c,
3 -1cm  g
Porosity(<j))d
(% )
A verage P ore  
D iam eter, D e (A)
6 PXV-Br (10.5) 457.19 190.00 0.2217 33 17.4 (8.7 s)
2 PXV-Br (8) 365.09 66.11 0.2873 39 28.3 (14.1s)
7f PXV-Br (53.8) 10.473 40.64 0.0131 3 45.0 (22.5 s)
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Table 8.4.5: Surface analysis of silica - PHV-OTs sol-gel hybrids
E xp t.
N o .a
P V  (% )b B E T  Su rface  
A rea , m 2g'1
C V alue T otal P ore  
V olum e(V p)c,
3 -1cm  g
Porosity(([))d
(% )
A verage P ore  
D iam eter, D e (A )
42f PHV-OTs (29) 110.33 37.31 0.0848 16 27.7 (13.8 s)
44f PHV-OTs (12.6) 432.60 49.41 0.3160 41 26.3 (13.1s)
It is known that a number of factors can affect the surface area, pore volume, porosity, and 
pore sizes of silica xerogels8'14. Such factors include the synthetic conditions8' 10 (e.g. 
monomer concentration, r, temperature and the acidity/basicity of the catalyst) and the 
addition and nature (e.g. cationic, non-ionic or anionic) of organic molecules and polymers11'
14
Munoz-Aguado et al.10 found that temperature and pH were the two most important factors 
when studying silica gels prepared by the neutralisation of sodium silicate solutions with 
hydrochloric acid. When the temperature was increased from 4°C to 70°C (pH = 3) 
considerable increases in pore size (5 to 15A diameter) were observed. It was also found that 
gels prepared under pH < 5 were found to give type I isotherms (indicative of microporosity)
9 tand BET surface areas of between 650 and 700m g' , which is similar to amorphous silica 
( S b e t  = 700m2g 1).
The silica-polyviologen sol-gel hybrids discussed here, despite sometimes having large 
differences in r and monomer concentrations, were all acid-catalysed (pH < 3) and the 
temperature of the sol-gel reactions and subsequent thermal treatments were the same for all 
the hybrid materials.
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From table 8.4.1 when comparing the two sol-gel silicas from TMOS, which have large 
differences in their value of r (2 and 30 respectively) and a slight difference in pH, it can be 
seen that virtually identical results were obtained in terms of SBet, pore volume, porosity and 
average pore size. The surface areas etc. obtained are similar to those quoted by others for 
acid-catalysed sol-gel silicas3. For example a two-step catalysed silica xerogel (from TMOS) 
had SBet = 740m2g'1, Vp = 0.345cm3g'1, (j) = 0.43 and D = 18A. It can therefore be assumed 
that any observations made about the silica-polyviologen sol-gel hybrids can be discussed in 
the context of the effects of the incorporation of the polyviologens within a silica matrix.
The presence of polyviologen has a significant effect on the BET surface area, total pore 
volume and porosity of the sol-gel material. The concentration, the type of polyviologen 
incorporated and whether a lyotropic polyviologen solution was used in the synthesis are 
factors that can influence the surface area of the material. In all cases, when polyviologen is 
present the surface area, pore volume and porosity of the material are reduced to some degree 
when compared to silica samples containing no added polyviologen. One would expect this 
since the polyviologen would occupy some of the volume and space within the material. 
Although the surface area and total pore volume are significantly reduced in the hybrid 
materials when compared with the non-hybrids, in some cases (Expt. nos. 2, 25 and 26), the 
porosity is reduced very little. This has been found to be true for the hybrids containing “low” 
(< 12.6% PV) concentrations of polyviologen. Above 20% PV present, the concentration 
effects are markedly obvious. High concentrations of polyviologen and the use of lyotropic 
polyviologen solutions can result in low surface area materials with low porosity. It is 
suggested that depending on the concentration of polyviologen incorporated within a sol-gel 
matrix, materials can result with high surface areas and high porosity, or low surface areas and
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low porosity. Additionally, it can be seen that in some cases where lyotropic solutions have 
been used the average pore radii are also much higher than those prepared from non-lyotropic 
solutions.
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Table 8.4.6: Surface analysis of calcined sol-gel materials
E xp t.
N o .a
P V  (% )b B E T  Su rface  
A rea, m 2gJ
C V alue T otal Pore  
V olum e (Vp) c,
3 -1cm  g
P orosity
(<i>)d
(%)
A verage P ore  
D iam eter, D c (A)
59 0 (r=30) 212.44 134.47 0.1051 19 17.8 (8.9 8)
31f PBV-OTs (37) 118.17 109.301 0.0561 11 17.1 (8.5 s)
25 PBV-Br (1) 241.00 172.47 0.1276 22 15.5 (7.7 8)
26 PBV-Br (10) 313.67 93.327 0.1772 28 20.3 (10.1s)
27r PBV-Br (20) 161.51 122.07 0.0879 16 19.6 (9.8 s)
42r PHV-OTs (29) 260.45 93.09 0.1677 27 23.2 (11.6 s)
44f PHV-OTs (12.6) 485.56 77.56 0.3170 41 23.5 (11.7 s)
39 PHV-OTs (49) 345.86 86.13 0.2259 33 23.5 (11.7 s)
40 PHV-OTs (75) 393.5 70.25 0.3791 45 34.7 (17.3 g)
“ see  C hapt. 2  for syn th etic  m ethod  
b P V  =  p olyv io logen  
c a t P /P o  =  0 .9907
d p orosity , cj> =  Vp/(Vp + 0 .455)(100% )
e average p ore d iam eter3, D  =  0 .9 (4V j/A ); A  is the B E T  sp ec ific  su rface  area. 
r syn th esised  from  a lyo trop ic  so lu tion  o f  p o lyviologen  
e average p ore rad iu s (A)
Upon calcination of sol-gel materials there is generally a decrease in the BET surface area, 
total pore volume and porosity. This is due to ageing caused by the thermal treatment of the 
sol-gel material15. However, in some cases (Expt. nos. 27, 42 and 44) there is an increase in 
the surface area and porosity upon calcination. This may be due to the removal of the 
polyviologen having a greater effect on the pore structure than ageing alone, i.e. resulting in 
the release of pores otherwise “filled” with the encapsulated polyviologen. This can be seen 
when the calcined and uncalcined results are compared for the sol-gel hybrid containing 2 0 %
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PBV-Br (expt. no. 27). The surface area increases from 1.021m2g' 1 to 161.51m2g_I upon 
calcination, the porosity increases by a factor of over 50 and the average pore size is reduced. 
The results from tables 8.4.1 - 8.4.6 suggest that incorporation of polyviologen has a 
significant effect on the final sol-gel material in terms of its porosity and surface area. The 
removal of organics by calcination was confirmed by elemental analysis as shown in table 
8.4.7.
Table 8.4.7: Elemental analysis of calcined silica-polyviologen sol-gel hybrids
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Expt. No. Elemental Analysis (Found)
59 C 0.07 %; H 0.0 %; N  0.0 % 
C 0.05 %; H 0.0 %; N  0.0 %
42 C 0.00 %;H 0.0 %;N 0.0% 
C 0.00 %; H 0.0 %; N 0.0 %
44 C 0.68 %;H 0.0 %;N 0.0% 
C 0.60 %; H 0.0 %; N 0.0 %
26 C 0.00 %; H 0.0 %; N 0.0 % 
C 0.00 %;H 0.0 %;N 0.0%
The adsorption-desorption isotherms for a variety of calcinated and uncalcinated sol-gel 
materials are shown in figures 8.4.1 - 8.4.6, with the samples displaying type I classification 
curves, exhibited by microporous materials1'3. The majority of the materials studied show 
little or no hysteresis which is indicative of microporosity and cylindrical pore geometries. 
However, figs. 8.4.4 - 8.4.6 show examples of type IV isotherms with type E (de Boer, fig. 
8 .1.4.2) hysteresis2, in which the pore geometry is that of “ink-bottle” shape (in which the 
pore cavities are larger in diameter than the openings)1'3. It is well documented that acid-
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catalysed silica xerogels are characterised by type I isotherms i.e. small pores and narrow pore 
size distributions3’8. Additionally, base-catalysed xerogels are normally associated with type 
IV isotherms3’8. The fact that the addition of polyviologen (PHV-OTs) can produce type IV 
isotherms under acidic conditions, thus changing the shape of the pores from smooth and 
cylindrical to ink-bottle shaped provides additional evidence that these polymers can have an 
effect on the silica matrix by possible mesophase formation. Therefore, the addition of 
polyviologen can not only cause surface fractal behaviour (as detailed in chapter 5) but also 
change the pore shape.
Calcination has little or no effect on the isotherms, therefore suggesting that the pore 
geometries remain the same even after thermal treatment. So, although the pore shapes 
remain the same, the surface area, porosity, total pore volume and the average pore size can be 
manipulated by the addition of polyviologen and thermal treatment.
Figure 8.4.1: Adsorption-desorption isotherm for silica, r =30 (expt. no. 59)
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Figure 8.4.2: Adsorption-desorption isotherm for silica, r = 2 (expt. no. 57)
P/P.
Figure 8.4.3: Adsorption-desorption isotherm for silica, r = 30, calcined 650°C/24 hours
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Figure 8.4.4: Adsorption-desorption isotherm for silica - PHV-OTs (expt. no.42)
vn\
Figure 8.4.5: Adsorption-isotherm for silica - PHV-OTs (expt. no. 44)
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Figure 8.4.6: Adsorption-isotherm for silica - PHV-OTs (expt. no. 44), calcined
The pore size distributions obtained using the uncorrected modeless data4 are shown in figs. 
8.4.7 - 8.4.23. Of significance is the fact that there is similarity in the pore size distributions 
for some of the uncalcinated hybrid materials, with the most frequent pore radius at ca. 1 0 A, 
followed by a gradual decrease in pore volume with increasing pore radius. For example, 
silica from TMOS (r = 30) has its most frequent pore radius at ca. 10A, which upon 
calcination increases by over a factor of 2  to 2 2 A. Therefore, upon calcination there is an 
increase in pore size, which has also been observed by Chul Ro et al.8 where above 500°C the 
surface area of an acid-catalysed silica gel decreases and the pore size increases. Similarly, 
silica from TMOS (r = 2) also has its most frequent pore radius at ca. 10A.
It should be noted that at this stage we are only concerned with the mesoporous range since 
the modeless method cannot be used to determine microporosity. For the calcined hybrid 
samples, mean pore radii of ca. 1 0 A were observed using this method. This suggests that the 
mesopore size distribution curves are relatively unchanged upon calcination [(e.gs. silica
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(expt. no. 59, fig. 8.4.8) and silica - PHV-OTs (expt. no. 44, fig. 8.4.16)]. There is very little 
difference in the pore size distributions for the silica - PBV-Br (1%) uncalcined and calcined 
samples (figs. 8.4.10 and 8.4.11). However, when compared to the silicas (expt. nos. 57 and 
59, figs. 8.4.7 - 8.4.9) the shapes of the distributions differ significantly. For the hybrid 
containing 10% PBV-Br (expt. no. 26, figs. 8.4.12 - 8.4.13), again calcination has little effect 
on the pore size distribution curve. Conversely, for the hybrid containing 29% PHV-OTs 
(expt. no. 42, figs. 8.4.17 - 8.4.18) the most frequent pore radius is ca. 45A, which upon 
calcination is dramatically reduced to 9A. In this case there is a shift from macroporosity to 
microporosity coupled with a narrowing of the pore size distribution upon calcination.
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Figure 8.4.7: Pore volume distribution curve for silica from TMOS (expt. no. 59)
Pore Radius (A)
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Figure 8.4.8: Pore volume distribution curve for silica from TMOS (expt. no. 59),
calcined
0 5 10 15 20 25 30 35 40 45 50
Pore Rudiu.s' (A)
Figure 8.4.9: Pore volume distribution curve for silica from TMOS (expt. no. 57)
8:28
Chapter 8: Surface Analysis
Figure 8.4.10: Pore volume distribution curve for silica - PBV-Br (expt. no. 25)
Pore Radius (A)
Figure 8.4.11: Pore volume distribution curve for silica - PBV-Br (expt. no. 25), calcined
0 10 20 30 40 50 f»Q 70 80
Pore Radius (A)
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Figure 8.4.12: Pore volume distribution curve for silica - PBV-Br (expt. no. 26)
Pore Radius (A)
Figure 8.4.13: Pore volume distribution curve for silica - PBV-Br (expt. no. 26), calcined
Pore Radius (A)
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Figure 8.4.14: Pore volume distribution curve for silica - PBV-Br (expt. no. 27), calcined
Pore Radius (A)
Figure 8.4.15: Pore volume distribution curve for silica - PHV-OTs (expt. no. 44)
Pore Radius (A)
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Figure 8.4.16: Pore volume distribution curve for silica - PHV-OTs (expt. no. 44),
calcined
Pore Radius (A)
Figure 8.4.17: Pore volume distribution curve for silica - PHV-OTs (expt. no. 42)
Pore Radius (A)
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Figure 8.4.18: Pore volume distribution curve for silica - PHV-OTs (expt. no. 42),
calcined
Pore Radius (A)
Figure 8.4.19: Pore volume distribution curve for silica - PXV-Br (expt. no. 2)
Pore Radius (A)
8:33
Chapter 8: Surface Analysis
Figure 8.4.20: Pore volume distribution curve for silica - PBV-OTs (expt. no. 31),
calcined
Pore Radius (A)
Figure 8.4.21: Pore volume distribution curve for silica - PXV-Br (expt. no. 6 )
Pore Kmllus (A)
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Figure 8.4.22: Pore volume distribution curve for silica - PHV-OTs (expt. no. 39)
Pore Radius (A)
Figure 8.4.23: Pore volume distribution curve for silica - PHV-OTs (expt. no. 40), 
calcined
Pore Radius (A)
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Using the Harkins-Jura equation (Eq. 16), the micropore surface areas and volumes of the 
silica-poly vioiogen sol-gel hybrids were determined. These results are shown in table 8.4.8. 
Only those materials which displayed microporosity are tabulated and the micropore analysis 
method6 was used to produce micropore size distributions.
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Table 8.4.8: Micropore surface areas and volumes for a variety of sol-gel materials
E x p t .  N o .a P V ( % ) b M ic r o p o r e  S u r fa c e  
A r e a 0, m 2g 1
M ic r o p o r e  V o lu m e 1*, 
c m 3g ‘1
5 7 N o n e  (0 ) 3 1 4 .7 9 0 .1 3 3 9
5 9 N o n e  (0 ) 2 4 1 .9 2 0 .1 0 1 1
5 9 c N o n e  (0 ) 3 8 .3 0 0 .0 1 4 9
2 5 P B V -B r  (1 ) 2 0 4 .8 8 0 .0 8 7 3
2 5 e P B V -B r  (1 ) 6 1 .3 5 0 .0 2 5
2 6 e P B V -B r  (1 0 ) 2 8 .4 8 0 .0 0 8 4
2 7 e P B V -B r  (2 0 ) 2 8 .4 3 0 .0 1 1
6 P X V  (1 0 .5 ) 1 7 9 .5 0 .0 7 4 5
3 9 c P H V -O T s (4 9 ) 1 3 .9 4 0 .0 0 1 4
3 1 e P B V -O T s  (3 7 ) 4 8 .4 8 0 .0 1 7 5
4 2 e P H V -O T s (2 9 ) 14 .21 0 .0 0 3 1
" see C hapt. 2  for syn th etic  m ethod  
b PV  =  polyv io logen  
c E q . 18 and  19, section  8.3  
lI E q . 17, sec tio n  8.3  
e ca lcin ed  a t 650°C /24  hours
With very low concentrations of polyviologen (e.g. expt. no. 25) the hybrids retain the 
microporosity associated with the non-hybrid materials, although this is reduced to some 
degree by calcination. As the amount of polyviologen is increased the micropore surface areas 
and pore volumes decrease further, until in some cases there are no micropores present at all 
(as in the case of expt. nos. 2, 26, 27, 29, 42 and 44 which all showed no micropore surface
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area and volume), thus producing essentially mesoporous materials. There has recently been a 
great deal in interest in the synthesis of mesoporous and microporous silica using the sol-gel 
process and organics as structure-directing or templating agents (see Chapts. land 9).
Upon calcination the micropore surface areas and volumes are reduced even further when 
compared with the uncalcinated materials, due to the ageing effect of the thermal treatment15. 
Additionally, the calcinated hybrids have lower surface areas and volumes than the calcinated 
silica material containing no added polyviologen.
Probably the most interesting result is that for the silica - PHV-OTs hybrid, (expt. no. 44) 
which contains no micropores and retains this lack of microporosity even after calcination. 
Therefore, this material is mesoporous and the pore geometry has been changed from smooth 
and cylindrical to ink-bottle. One would assume that the micropores have been filled by the 
encapsulated polyviologen and that upon calcination the polyviologen is removed and the 
micropores are destroyed. However, in contrast, the other silica-polyviologen sol-gel hybrids 
without micropores before calcination display microporosity after calcination. This suggests 
that the encapsulated polyviologen protects the micropores from collapse upon calcination. It 
is also hypothesised that the absence of micropores is caused by the polyviologen (a 
concentration and/or polyelectrolyte effect) influencing the growth of the silica network, thus 
resulting in a material which is mesoporous even upon removal of the polyviologen. This is a 
very interesting result since most hybrids (e.gs. expt. nos. 26, 27 and 42) which showed no 
microporosity before calcination do after, although in some cases the micropore surface areas 
and volumes are low. Again this is surprising since at the temperature of calcination (650°C) 
one would expect a complete collapse of any micropores8’15. There is no doubt that the
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The micropore size distributions calculated using the micropore (MP) analysis method6 for the 
sol-gel materials described in table 8.4.8 are shown in figs. 8.4.24 - 8.4.33. From the 
micropore distribution, the most frequent pore radius for the silica from TMOS, r = 30, (fig. 
8.4.24) is ca. 5.5A, and for the corresponding calcinated silica the pore radius remains 
virtually the same (ca. 6 A). Additionally, upon calcination (fig. 8.4.25) a broad distribution at 
ca. 6 k  replaces the bimodal distribution found in the uncalcinated material. This is to be 
expected as calcination generally causes a decrease in microporosity (due to network 
restructuring)8, hence the slight shift in radii and the large decrease in pore volume (AV/Ar 
from pore distribution curve). The silica from TMOS, r = 2 (fig. 8.4.26) has a similar 
micropore distribution as the r = 30 silica, with the most frequent pore radius being ca. 7 A.
The addition of polyviologen results in distributions as shown in figs. 8.4.27 to 8.4.33. All 
display the most frequent pore radius in the region of 4.5 - 6.5A. Again the effect of 
calcination can be seen in figs 8.4.29 and 8.4.31, except this time the most frequent pore 
radius decreases from ca. 6A to ca. 4.5A. This is coupled with a large decrease in AV/Ar, but 
the shape of the distributions remains virtually the same. Fig. 8.4.30 shows the micropore size 
distribution for silica - PBV-Br (expt. no. 26) which shows a very narrow distribution at ca. 
6 .2 A after calcination. Additionally, fig. 8.4.31 shows the distribution of calcinated silica - 
PBV-Br (expt. no. 27), but this time the amount of polyviologen has been increased from 10 
to 20%, displaying a bimodal distribution, with the most frequent pore radius at ca. 5k . The 
significance of these results is that the corresponding uncalcinated hybrids display no 
microporosity, therefore it can be concluded that in these cases, removal of the polyviologen
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incorporation of polyviologen within a sol-gel silica matrix does have an effect on the growth
of the silica network in terms of the BET surface area, pore volume and the porosity.
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frees up any micropores and prevents their collapse at elevated temperatures (> 500°C). 
Similarly, the sample from expt. no. 42 (fig. 8.4.33) displays microporosity after calcination, 
when no microporosity was observed before this thermal treatment.
The distributions shown in figs 8.4.24, 8.4.26 and 8.4.31 all closely resemble the distributions 
previously measured for two silica - methylviologen (MV) gels16 and a microporous silica gel6 
in the microporous range, although it should be noted that for the former gels only the 
micropores were studied. For the silica - methylviologen gels (both containing ca. 5% MV) 
both gave type I isotherms indicative of microporous materials. Sample A had a BET surface 
area of 81.17 m2g_1, a total pore volume of 0.0607 mlg"1, whereas sample B had a BET surface 
area of 148.1 m2g_1 and a total pore volume of 0.1347 mlg"1. Additionally, the microporous 
volumes were 0.04742 mlg' 1 (78.1% microporosity) and 0.09525 mlg' 1 (70.7% microporosity) 
for A and B, respectively. The most frequent pore sizes were found to be 5.4A for A and 6 .4A 
for B in the microporous range. When compared to the silica-polyviologen results, it can be 
seen that the addition of polyviologen does not produce essentially microporous materials 
(e.gs. expt. nos. 2, 26, 27, 29 and 42). This could be due to the reasons outlined previously 
and the use of polymeric viologens.
Sato et a l}1 studied the pore size distribution of calcined sol-gel silica gels (acid-catalysed 
then base catalysed TEOS) prepared using the cationic polymer quaternised polyethylene 
imine (PEI). It was observed that the more PEI added (up to 16.5 wt. %) the greater the shift 
towards mesoporosity. In some cases a shift of 2 0  nm (2 0 0 A) was observed. This shift was 
attributed to electrostatic interactions between the silica sol particles and the polyions. A 
similar shift has been noticed for the silica-polyviologen hybrids except the shift is not as 
large as that for PEI.
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Finally, Saegusa17 synthesised porous silica gels by calcination of poly(2-methyl-2- 
oxazoline)/silica (from TEOS) sol-gel hybrids. Depending on the feed ratio (polymenTEOS) 
surface areas ranged from 114 to 810 m2g'' , and the pore volumes ranged from 0.073 to 0.504 
cm3g_1. The average pore radii ranged from 1 0  to 2 0 A (cf silica-polyviologen hybrids) and it 
was found that the molecular weight of the polymer was irrelevant to determining the pore 
size before calcination.
The combined micropore and corrected (cylindrical model)4'5 pore size distributions are 
shown in figs. 8.4.34 - 8.4.43. When comparing the uncorrected and corrected (cylindrical) 
models4"5 it can be seen that in the latter the pore radii and the pore volume both increase 
relative to the former. The majority of the samples shown in figs. 8.4.34 - 8.4.43 have narrow
• i * 8distributions at small pore sizes normally associated with acid-catalysed silica xerogels . 
Figure 8.4.24: Micropore volume distribution for silica from TMOS (expt. no. 59)
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Figure 8.4.25: Micropore volume distribution for silica from TMOS (expt. no. 59),
calcined
Fore Rodins (A)
Figure 8.4.26: Micropore volume distribution for silica from TMOS (expt. no. 57)
Pore Radius (A)
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Figure 8.4.27: Micropore volume distribution for silica - PXV-Br (expt. no.6)
Pore Radius (A)
Figure 8.4.28: Micropore volume distribution for silica - PBV-Br (expt. no. 25)
Pore Radius (A)
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Figure 8.4.29: Micropore volume distribution for silica - PBV-Br (expt. no. 25), calcined
Pure Kmllus (A)
Figure 8.4.30: Micropore volume distribution for silica - PBV-Br (expt. no. 26), calcined
Pore Kmllus (A)
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Figure 8.4.31: Micropore volume distribution for silica - PBV-Br (expt. no. 27), calcined
Pore Radius (A)
Figure 8.4.32: Micropore volume distribution for silica - PBV-OTs (expt. no. 31), 
calcined
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Figure 8.4.33: Micropore volume distribution for silica - PHV-OTs (expt. no. 42),
calcined
Pore Radius (A)
Figure 8.4.34: Complete pore size distribution for silica from TMOS (expt. no. 59)
Pore Rndlut (A)
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Figure 8.4.35: Complete pore size distribution for silica from TMOS (expt. no. 59),
calcined
Pore Radius (A)
Figure 8.4.36: Complete pore size distribution for silica - PXV-Br (expt. no. 6 )
Pore Radius (A)
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Figure 8.4.37: Complete pore size distribution for silica - PBV-Br (expt. no. 25)
l’urc Rmllus (A)
Figure 8.4.38: Complete pore size distribution for silica - PBV-Br (expt. no. 25), calcined
Pore Radius (A)
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Figure 8.4.39: Complete pore size distribution for silica - PBV-OTs (expt. no. 31),
calcined
Pore Radius (A)
Figure 8.4.40: Complete pore size distribution for silica - PBV-Br (expt. no. 26), calcined
Pore Radius (A)
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Figure 8.4.41: Complete pore size distribution for silica - PHV-OTs (expt. no. 42),
calcined
Pore Radius (A)
Figure 8.4.42: Complete pore size distribution for silica from TMOS (expt. no. 57)
Pore Radius (A)
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Figure 8.4.43: Complete pore size distribution for silica - PBV-Br (expt. no. 27), calcined
Pore Uadi as (A)
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By use of the Menshutkin reaction a variety of polyviologens have been synthesised 
containing bromide, tosylate or mesylate counter-ions and varying methylene units. 
Owing to the ionic character of these main-chain polymers, these polyviologens are 
also known as ionene polymers. Additionally, the ionic character conveys a wide 
range of chemical and physical properties including electrochromism, 
photochromism, thermochromism, the ability to undergo redox reactions (which can 
be easily followed by a colour change of the polyviologen), and liquid crystalline 
behaviour (see Chapter 1).
Chapters 2 and 3 detailed the synthesis and characterisation of these polymers and 
their subsequent behaviour upon reduction with an aqueous solution of sodium 
dithionite (Na2S2 0 g) was outlined. Upon reduction, a deep blue or violet colour was 
produced which upon exposure to the atmosphere faded back to the colourless 
solution. It was this redox behaviour and the susceptibility of the polyviologens to 
atmospheric water that first led to the introduction of these polymers into a sol-gel 
inorganic matrix or network, in the hope of producing ‘durable’ sol-gel redox sensors. 
As discussed in Chapter 1, the field of sol-gel sensors is a large and growing area with 
a large number of sensing materials synthesised to sense a wide range of gases, ions, 
compounds, etc.
The sol-gel process is a convenient and versatile route to produce inorganic oxides. In 
this study silicon alkoxides (tetraethylorthosilicate, TEOS and 
tetramethylorthosilicate, TMOS) were used as precursors, and their subsequent acid-
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catalysed hydrolysis and condensation leads to the formation of a three-dimensional 
network of silica (Si02). By dissolving the polyviologens in either water or methanol 
(depending on the corresponding counter ion present) and adding this solution to a 
sol-gel precursor solution, a wide variety of novel organic-inorganic sol-gel hybrid 
materials were synthesised. These hybrids are known as type I hybrids in which the 
pre-formed organic component is embedded or encapsulated within a sol-gel 
network1. Results from TGA confirmed that the polyviologens had been successfully 
incorporated (Chapter 4). Depending on the polyviologen and the concentration to be 
encapsulated within a silica matrix, four methods of synthesis were developed 
(Chapter 2). This allowed, for example, a greater concentration (as high as 50 % in 
some cases) of polyviologen (e.g. PXV-Br, PEV-Br or PBV-Br) to be incorporated. 
The redox behaviour of the encapsulated polyviologens was found to be still present 
when the gels were immersed in an aqueous solution of sodium dithionite, as 
confirmed by the observed colour changes (see Chapt. 3). This observation confirmed 
that these materials could be used as redox sensors since the redox behaviour of the 
polyviologen had been retained after encapsulation.
The development of method 2 in chapter 2, in which a polyviologen solution (e.g. 
PXV-Br) was heated to remove excess water allowed for an increase in the amount of 
polyviologen to be incorporated and a decrease in the r value. Additionally, the 
results obtained using the DSC technique, prompted a more in-depth study of these 
novel materials. This method was used for the polyviologens containing bromide 
counter-ions.
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Bhowmik and Han2'4, and Yu et al5. had already discussed that in the case of 
polyviologens containing tosylate counter-ions liquid crystalline (LC) behaviour was 
observed. In fact, for the tosylate-containing polyviologens, it was found that these 
materials exhibited both lyotropic and thermotropic liquid crystalline behaviour, i.e. 
amphotropic. As mentioned in Chapter 7, there are few types of polymer which are 
amphotropic.
Preliminary DSC results for PXV-Br, PEV-Br, PBV-Br, PBV-OTs and PHV-OTs 
suggested that thermotropic LC phases were present and that the polyviologens 
containing mesylate counter-ions would also exhibit similar transitions. Similar 
results for bromide-containing oligomeric viologens were also observed by Paleos et 
al.6 Additionally, the fact that the synthetic method used to increase the amount of 
polyviologen to be incorporated and decrease the r value, did not result in the 
precipitation of the polyviologen on cooling, suggested that the polyviologens with 
bromide counter-ions could also form lyotropic LC phases. This contradicted the 
findings of the work of Yu et al.5 in which such polyviologens only formed 
birefringent gels at high concentrations of polyviologen (> 85 % in water). However, 
PLM results (Chapter 7) confirmed our initial findings that the polyviologens 
containing bromide counter-ions could indeed form lyotropic LC phases in water by 
evaporation of a polyviologen solution. Additional PLM analysis also confirmed the 
results of Bhowmik and Han2'4 that the polyviologens containing tosylate counter-ions 
also display lyotropic LC behaviour in methanol. In fact, polyviologens containing 
tosylate counter-ions were also found to form lyotropic LC phases in ethylene glycol 
and poly(ethylene glycol) as well as in methanol7’8. The molecular weight, counter­
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ions and the number of methylene units were all found to have an effect on the critical 
concentration required for the polyviologen to form a lyotropic LC phase3,7,8.
Small angle X-ray scattering (SAXS) was employed to study some silica - 
polyviologen sol-gel hybrids, with the aim of using the concept of fractal geometry 
(i.e. whether the material displays mass or surface fractal behaviour) to describe the 
structure of these materials (Chapter 5). Initially, three sol-gel glasses, all of which 
had undergone gelation, thermal treatment and ageing, and two of which contained 
encapsulated polyviologen were studied by SAXS. The sol-gel glass containing no 
added polyviologen (silica from TEOS) was found to display mass fractal behaviour 
with a mass fractal dimension, D, of 2.53. However, for the sol-gel glasses containing 
PBV-Br (8 %) and PDVBV (20 %), a surface fractal dimension, Ds, of 2.8, and a mass 
fractal dimension of 1.85 were obtained, respectively. In terms of fractal geometry it 
is well known that that for acid-catalysed sol-gel materials mass fractal behaviour is 
observed, whereas for base-catalysed systems, surface fractal behaviour is observed9. 
Obviously, for the hybrid containing PBV-Br this is not the case, with the hybrid 
showing very rare surface fractal behaviour, when one considers the sol-gel conditions 
used i.e. acid catalysed.
With the SAXS results and the results obtained from thermal analysis and PLM, a 
hypothesis was formed to explain the occurrence of surface fractal behaviour in the 
silica - PBV-Br hybrid. It was thought that the presence of polyviologen may have an 
effect on the growth of the three-dimensional silica network either by electrostatic 
interactions between the quaternised nitrogens (N+) and silanol groups (Si-OH) as
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shown in figure 9.1, and/or the lyotropic LC behaviour of the polyviologen exerting 
some control and perhaps acting as a morphological template.
Figure 9.1: Possible electrostatic interactions between N+ and Si-OH groups
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Additional SAXS studies on silica - polyviologen materials 1 - 2  hours after gelation 
were also performed (Chapter 5). At this stage of the sol-gel process condensation 
would not be complete, thus there would still be a large number of silanol groups 
present for electrostatic interactions to take place. This time two of the hybrids 
(containing 34 % PHV-OTs with TMOS or 34 % PXV-Br with TEOS) were 
synthesised from lyotropic solutions of the corresponding polyviologen. Again 
differences were observed between the ‘lyotropic’ hybrids and the non-hybrid 
systems. In the case of the ‘lyotropic’ hybrids, it was found that around gelation the 
Porod slopes were -1.83 and -2.15 for PHV-OTs and PXV-Br hybrids, respectively,
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indicating mass fractal behaviour. For the corresponding silica references containing 
no added polyviogen, Porod slopes of -1.5 (TMOS) and -0.9 (TEOS) were obtained. 
Additionally, a hybrid synthesised without a lyotropic starting solution (PXV-Br, 8 
%), showed a slope of -0.5. Therefore at this stage and assuming that the fractal 
geometry develops in a consistent way, it can be seen that the ‘lyotropic’ hybrids may 
eventually display surface fractal behaviour.
Wide angle X-ray scattering (WAXS) results on these materials around gelation 
showed no evidence of any crystallinity or ordering. However, Coudurier et al.10 
suggested that this might be due to the fact that the crystallites may be too small to be 
observed by WAXS.
The question now seems to be one of templating and structure direction, i.e. do the 
polyviologens have an effect on the growth of the silica network during the sol-gel 
process, and if so, what kind of effect is it? From the SAXS results it is obvious that 
the presence of polyviologen does have a profound effect on the growth of the silica 
network.
As discussed in Chapter 1, the area of templating and structure direction is well 
known in the field of zeolite chemistry, in which for example, tetraalkylammonium 
compounds are used to direct the growth of the zeolite ring structures (e.g. pure silica 
ZSM-5)11. It seems reasonable, therefore, to suggest that the polyviologens may 
behave in a way analogous to these ammonium compounds in zeolites. Although the 
mechanism of zeolite structure direction is not fully understood, it is thought to
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involve hydrophobic hydration in which there is an overlap of hydration spheres 
between the inorganic species and the organic structure-directing agent11.
In terms of sol-gel materials the use of liquid crystalline phases and surfactants to 
direct the growth of silica networks is still in its infancy. A number of other 
researchers e.g. Attard12, Dabadie13’14, Goltner12’15’16 and Avnir17 have been involved 
in this area in order to develop new ordered silica materials, for use in such 
applications as catalysis and filtration where control of the structure is important.. 
The structure-directing agents ranged from non-ionic, cationic and anionic molecules
16 17and polymers. Additionally, silsesquioxanes and oligomeric siloxanes have been 
employed. For example it has been shown that a silicate system can sometimes aid in 
mesophase formation13. Using alkyltrimethylammonium bromides (chain lengths 
varying from 8 to 14 carbons), the mechanisms of silica polymerisation and lyotropic 
hexagonal phase formation are simultaneous and the formation of the LC phase is 
induced by the formation of silicate oligomers near the cationic surfactant head 
group13. It was therefore assumed that a templating effect was produced by the LC 
phase on the silicate polymers which were growing in the aqueous phase.
However, one problem involved in this research is the difficulty in maintaining the LC 
mesophase of the surfactant. For example it has been shown that TEOS destroys the 
lamellar phases whereas TMOS does not14. Additionally, large r values (r > 25) are 
also required to maintain the lamellar mesophase14. PLM results of the sol-gel 
solutions synthesised from lyotropic solutions of polyviologen have shown that upon 
addition of the sol-gel solution (e.g. TMOS, methanol, acetic acid), the birefringence 
is lost, therefore the LC phase of the polyviologen has been destroyed. This was the
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case even when r > 25 was used. It is thought that the critical concentration is 
difficult to maintain during a sol-gel reaction because of the by-products of water and 
methanol (or ethanol) formed during the hydrolysis and condensation reactions and 
also added solvent and acid. It is therefore unlikely that the results and observations 
found in this study are due to the LC phases of the polyviologens directing the growth 
of the silica network, but rather concentration effects and electrostatic interactions 
being the main cause.
As shown in Chapters 6 and 8, further techniques were used to elucidate the structure 
of the silica - polyviologen materials. For example, infrared (IR) spectroscopy and the 
work done by Coudurier et al.10 on zeolites, showed that the presence of two bands at 
ca. 450 cm'1 and ca. 550 cm'1 confirmed that some degree of ordering was present in 
these materials even if WAXS showed nothing. This was especially true for the 
hybrids containing > 20 % polyviologen and synthesised using lyotropic polyviologen 
solutions. Additionally, JH NMR spectroscopy was used to observe the movement of 
the water peak, thereby providing possible evidence that hydrophobic hydration was 
occurring in these gels in the initial stages of hydrolysis and condensation. The 
greatest shift was observed for a ‘lyotropic’ solution containing 50 % PEV-OTs.
Finally, surface and pore analysis of these materials (calcined and uncalcined) 
provided additional evidence that the presence of polyviologen exerts some kind of 
control on the silica network. It was found that both the concentration and the type of 
polyviologen incorporated were factors that could influence the BET surface area of 
the hybrid materials, and in some cases change the pore geometry from smooth and 
cylindrical to ink-bottle shaped. Therefore, not only can the fractal behaviour be
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changed, but also the pore shapes by the addition of polyviologen. Additionally, when 
compared with materials containing no added polyviologen, the presence of the 
polymers reduced the surface area, pore volume and the porosity. The majority of the 
hybrids were found to display narrow pore size distributions close to the microporous 
size but essentially mesoporous. These results were similar with those of Sato et al.18 
(except the shift towards the mesoporous region was much greater in 18) where ionic 
polymers silch as poly(acrylic acid) and quaternised poly(ethyleneimine) which are 
anionic and cationic, respectively, were found to shift the pore size to the mesoporous 
range.
To conclude, novel organic-inorganic materials have been synthesised using the sol- 
gel route and the ionene polymers known as polyviologens. The results of this study 
have provided evidence that the addition of polyviologen has an effect on the growth 
(during hydrolysis and condensation) and final structure of the silica network. It is 
unlikely that this ‘influence’ results from the fact that the polyviologens can form 
lyotropic LC phases since analysis suggest that these phases are destroyed once part 
of a sol-gel solution. However, it is likely that the following factors play an important 
role in determining the structure of the silica network:
(1) the type of polyviologen i.e. number of methylene units,
molecular weight and the corresponding counter-ion,
(2) the concentration of polyviologen incorporated,
(3) electrostatic interactions
(4) hydrophobic hydration effect.
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Obviously, factors (1) and (2) would contribute to the third factor of electrostatic 
interactions. For example, the higher the concentration of polyviologen the more N+ 
are available to interact with the silanol groups.
Future Work: At the conclusion of the study, the investigations into the structure 
directing effects of the polyviologens on the growth of a silica network are still at an 
early stage. By understanding the mechanisms involved (e.g. electrostatic 
interactions, hydrophobic hydration) in how the polyviologens exert such effects, this 
can lead to the development of optimum materials for use as sensors, and also in the 
possible applications of catalysis and membrane technology. Therefore, in order to 
elucidate the structure of these novel sol-gel hybrids more fully, the following 
techniques are suggested: 29Si NMR spectroscopy (solution and solid state) to provide 
information on the silicon species produced during and after the sol-gel reaction, and 
what effect the addition of polyviologen has on these species; small angle neutron 
scattering (SANS) in real time coupled with SAXS and WAXS would provide further 
valuable information on the structure in terms of fractal geometry over a relatively 
wide length scale; the use of different adsorbents (e.g. krypton, alkanes, water) as well 
as nitrogen, can also be used to estimate the fractal geometry of these materials; 
finally, scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) could be used to study the morphology of these systems, although the 
brittleness of the silica-polyviologen hybrids did not allow the use of TEM. These 
techniques, combined with the ones already employed in this study, would provide a 
great deal of information on the effects of the polyviologens on the silica network.
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The effect, if any, of other polymers with ionic character could also be studied. 
Examples of such polymers include poly(pyridinium) systems and poly (acrylic acid), 
which are cationic and anionic, respectively. The effect of poly(acrylic acid) on a
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depth study has not been carried out.
As mentioned previously, it is now thought that the lyotropic LC phases of the 
polyviologens are destroyed upon addition to the sol-gel solution. However, it is 
known that the polyviologens containing tosylate counterions form lyotropic LC 
phases at very low concentrations in ethylene glycol and poly(ethylene glycol), (Mw = 
200 and 600). Therefore, by modification of the silicon alkoxide precursor, e.g. the 
synthesis of Si(OCH2CH2OH)4 or,
the resulting hydrolysis and condensation reactions would yield ethylene glycol as a 
by-product instead of methanol if TMOS was used. Hence, the polyviologen can form 
a LC phase by liberation of this by-product with or without ethylene glycol as a 
solvent Additionally, poly(ethylene glycol) could be attached to the silicon atom, 
similarly. Again, the effects of the lyotropic polyviologen (confirmed by PLM) could 
be determined by the techniques outlined in this study.
Finally, by use of vinyl-containing vioiogen monomers and their subsequent 
copolymerisation with vinyl-containing silicon alkoxides (e.g. vinyltriethoxysilane,
silica network has also been studied in terms of pore size distribution18, but an in-
9 : 1 1
VTES), novel type in sol-gel hybrids could be synthesised. These hybrids would have 
the advantage of covalent bonding between the organic and inorganic components, 
which would prevent leaching of the viologen component, and therefore increase the 
durability of the sol-gel sensor.
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